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I. INTRODUCTION

GENERAL INFORMATION

The present program represents an extension and refinement

of the previous etfort with specific application to the design

requirements of advanced, small, high-temperature-rise combust-

I ors for aircraft engines in the 2- to 5-pound-per-second (0.91-
to 2.27-kilogram-per-second) flow range. This program was per-

formed for the Applied Technology Laboratory, U.S. Army Research

and Technology Laboratories (AVRADCOM), Ft. Eustis, Virginia by
the AiResearch Manufacturing Company of Arizona during the period
July, 1975, to October, 1978. The program is documented in this

three-volume final report.

l OBJECTIVE

The primary objective of this program was to further develop

and validate existing analytical combustor design procedures that
can be used to significantly shorten the design and development

cycle of small advanced gas turbine engine combustors. Descrip-
tions of the combustor analytical models, element tests and model

validations are presented in Volume I.

The basic approach of the program consisted of a concen-
trated analytical treatment of key combustion phenomena affecting

combustor performance complemented by rig tests. The rig test
culminated in a complete series of performance mapping to vali-
date the empirical/analytical combustor design procedure in an

environment matching an actual operating engine.

The program was initially comprised of four technical tasks:

Task I -Analytical-Model Refinement

7
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'T'ask 1.1 - Full-Scale Combustor Design, Fabrication, and

Preliminary Tests

Task III - Combustor-Performance Mapping

Task IV - Limited Modification and Retest

The Task I technical effort is described in Volume I. A

complete description of the Task II and Task III activities is

presented in Volume It. The computer codes for combustor design

that evolved from that effort are fully documented in Volume III

of this report. The combustor performance goals were achieved in

Tasks II and III, thus Task IV was cancelled.

The computer models are based upon the numerical solution of
the governing aero/thermo equations applicable to turbo-

propulsion combustor environment, and are, therefore, applicable

for analyzing internal flow field of can, can-annular and annulus

combustor geometries. Both the inline and reverse-flow combustor

configurations can be analyzed.

The cost-effectiveness of the empirical/analytical design

SI) procedure was to be demonstrated by undertaking the design and

development testing of two full-scale annular combustors based on

the following engine/combustor configurations, parameters and

* goals:

I. Engine/Component Configurations.

0 Annular-combustor configurations

* Centrifugal compressor (last stage)

0 First-stage axial turbine

0 Nonregenerative cycle

L . . ............... ..



2. Parameters and Goals.

0 Engine airflow, Wa3 ' 2.87 pounds per second (1.30 kg/s)

0 Combustor inlet pressure (P 3 ) = 10 atmospheres

0 Compressor efficiency = 78.4 percent (total-to-static)

0 Combustor inlet temperature = 660°F (622*K)

0 Combustion efficiency = 99.5 percent (100 percent

power) * 98.0 percent (5 percent power)

a Combustor pressure loss PT3 PT4 = 3 percent
PT3

0 Combustor discharge temperature (T4avg) = 2300OF

(15330K)

0 Maximum pattern factor (PF) .0.23

T 4 max T 4avg
where P TT

4avg 3

0 Average radial temperature profile compatible with

typical turbine blade requirements

* Maximum radial pattern factor (RPF) :0.075

T -T
where PF 4 ajrad max 4 avg

T4 avg T 3

T4 avg rad max = peak value of the circumferentially

averaged radial temperature profile

9



0 Good light-off/relight capability to 20,000 feet (6091

meters) altitude and ambient-temperature conditions

per MIL-E-5007D Paragraph 3.2.5.1 (dated 15 October

1973)

a No visible carbon formation with hot fuel or at high-

altitude conditions

* Multifuel capability, including JP-4 and JP-5

* Fuel contamination tolerance per MIL-E-8593A, Table X
with filtration to 10 microns

a The combined CO and HC exhaust emissions will be suffi-¶ ciently low to meet the previously noted combustion
efficiency goals at 100- and 5-percent rated power.

The NO xLTO emissions level will be at or below the 1979
EPA NOx standards. The maximum smoke number will be

below the threshold of the exhaust plume visibility

* Acceptable component temperature levels and gradients
to ensure long combustion system life and reliability

0 Reasonable cost and weight

SUMMARY

A complete description of the following six combustor ana-

lytical models, associated computer codes, and users manuals are
given in this report.

* Annulus-flow model

* Combustor-performance model

10
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* Liner-cooling model

* Transition-liner mixing model

0 Emissions model

t Fuel-insertion model

The annulus-flow model is used to compute airflow distribu-
tion around the combustor liner and pressure drop. The informa-

tion provided by this model on jet velocities and efflux angles
is used for specifying the boundary conditions of the internal-

flow computer models.

A 3-D reacting recirculating-flow model is used for comput-

ing internal profiles of velocity components, chemical species,
and temperature of a given combustor design. Effects of detail-
design changes can be analytically predicted in regard to combus-

tion etficiency, exhaust temperature quality, and lean blowout.

Two-dimensional parabolic programs are used for predicting
liner-wall-temperature levels, mixing rate in the combustor tran-
sition liner of reverse-flow annular combustors, and gaseous
emissions. A fuel-insertion model is used to compute mean drop-

let size and size distribution of pressure atomizers, including
simplex, duplex, and air-assist pressure atomizers, and airblast

nozzles. The model is also used to compute spray trajectory and

evaporation rate of a given nozzle design in a specified flow
field.

4J

The use of these models is illustrated in Section IV by a

worked-out illustration of a simple combustor.

I
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I r. fllDSCRI UI TON OF ANALYTICAL MODI"IS

'Phe six combustor analytical models are described in t:hi•

section. The relevent computer codes are described in Section

III. The use of these models is illustrated hy an example in See-

tion IV.

ANNUTAIrS-FLOW MODEl,

An annulus-flow model is used to compute pressure losses,

annulus Mach number and associated air velocitv, and airflow dir-

tribution around the combustor l.iner.

A one-dimensional analysis of the plenum annulus is condut.-

ted based upon the qeneralized one-dimensional continuous flow-

analysis approach of Shapiro . The analysis considers the effect
of area chanqe, wall friction, draq introciticed hy Inserted

obstacles such as fuel nozzles and service struts, heat transfer

from the liner wall, and injection or extraction of air from the

annulus. The analysis i, valid for constant specif ic heat and
molecular weiqht,

Followinq the anproach of Shantro for a small control volome

around a point P located at a distanef "X" from the compronsor

dscharqe, as shown in Fiqure 1, the followlnq three workino

relations are obtained for Mach number M, sta(Ination nreqnsure P'

and static temneratuire IV.

Shapiro, Ancher it., "'Pho n-nii c's and 'The r mnod vitm I c, of (t'on-
pressible Fluid Flow, Vol. I", ('hapter , '"he Ronal(I Press
Complany, New York (Iqr3).

___ _ _ iI



dW Z,+dA

Po Po+ dPo

W -- "°p -- dW

T T +dT

M M + dM

- - dx - -

Control volume around P

Figure 1. Control Volumes for Annulus-Flow Model.
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dM2 -- ~- x F ---d
2 -M 2) ~ 2dT+(4m 2l-

+ (+YM2) d(1)

dP o + 4f dx + dF + 2(l-y) (2)

M2 42 ý+,M) dTdT~ (Y1 A + (t 0

- (y-l) M2  4f dx + dF _2y ýW

Where:

A - Flow area

DH a Mean hydraulic diameter

f a Coefficient of skin friction
F - Drag force by inserted obstacles

T - Static gas temperature

14



W - Mass flow rate
y - Injected mass axial velocity/mainstream velocity

Y = Ratio of specific heats

The above set of equations is written for each of the con-

trol volumes, shown schematically in Figure 1, applicable to a
reverse-flow combustor geometry. Appropriate expressions are

used fur skin friction coefficient and drag introduced by fuel

nozzles and other obstacles in the flow path. The remaining
unknown variable dW, which will be negative for the flow through
various orifices, is calculated by using the following approach.

The orifice configurations used in a combustor liner can be
broadly divided into two basic categories.

0 Configurations such as swirlers, primary pipes, and

venturi sections which are either difficult to handle

analytically or their flow rates are less affected by

approach conditions.

0 Liner orifices, including flush port, plunged holes,

and scooped ports are affected by approach conditions
and are amenable to analytical approach for predicting
flow rates, jet velocities, and efflux angles.

The first type ot ports are handled by specifying discharge

coefficients, whereas the liner orifices are handled by using a
modified analytical approach described by Gurevice2 . The
Gurevice approach is based upon a 2-D potential flow solution of

a problem shown schematically in Figure 2.

For an infinitely long slot of width b, the following three

relations are obtained for the three unknowns, namely n, 1 and CD.

2 Gurevich, M.1., "Theory of Jets in an Ideal Fluid", Pergamon
Press, pp 52-59.

S15 "t



c c ~ B / l( 4 )

116I Co R( I + CoS

4 c - ,, + VO

ý_ +O1 ('-In) (5)

i.het e 2

/ 1 + annuus width +t

t~~j ) ~os$ -T ljcs

F.i M SII

'pI

Where:
a/L a an~nulus width change/upstream width:4 h/L - slot width/upstream annulus width
n - annulus upstream tiow rate/slot flow rate, Wai/Wj

c a upstream annulus velocity/slot velocity, V,1 /V

*jet ettlux angle

CD -discharge coetticient

F'igure 2. L~iner Port Model Schematic.



These equations nre applied to combustor liner orifices hv

maintaininq area similnrity through the followinq relationships:

hL - ea

7r 2~where A1H a orifice area (u D for circular hole)

Aea - effective annulus area with boundary-layer

blockaqe effects

For a qiven application, the anrnuluin upntream conditions and

the static pressure inside the combustor must be nvecifiec4. With

the above equiations, an orifice can he sized to pass a specified

flow rate, or the flow throuqh a specified orifice can le calcu-

lated. The procedure for each is outlined as follows.

For qiven values of annultis and orifice flow rates and

velocities, c can be calculated and then the efflux anqle can be

found from Equation 4. For the special case where all annulus

flow passes throuqh the orifice, n I 1 and

cos il = c/2

If the orifice flow Is a neqlicgihle portion of the annulus

flow, n approaches infinity,

After the value of jl is obtained, Equation 1 can be used to

calculate b/L and A i/Apa from Equation 71 then from Equation 6,

CD can be calculated.

17L _____



For the alternate problem, with the orifice specified, the

above procedure is used in an iterative solution startinq with an

estimated flow rate (value of n). The iteration is continued

until n converqes to a small difference between iterations.

Such an approach has given qood correlation with measure CD 3

data of the circular orifices, as shown typically in Figure 3.

For plunged orifices and the metering orifices of film-coolina

geometries, the approach qave only qualitative agreement. How-

ever, by multiplying the computed CD values by 1.48 and 1.4, and

by assuming 0 equal to 80- and 0-deqrees, respectivelv, for the I'

plunged orifices and the cooling slot, the aoproach gave qood

agreement with the data, as shown in Figure 3.

With the above procedure for comoutinq dW appearing in

Equations 1, 2, and 3, it is now possible to write a set of equa-

tions for each of the control volumes around the combustor liner,

as shown schematically in Figure 1. These equations are solved

iteratively to compute isothermal combustor-pressure drop. To

this can be added pressure drop due to heat addition which qives

combustor total pressure drop.

3-D COMBUSTOR PERFORMANCE MODEL

A 3-D elliptic, reacting-flow model is used for calculatinq

internal flow field of gas turbine combustors. The model solves

governing equations for the followinq variables, as described in
Paragraph 6 below:

0 Axial, radial, and swirl velocity components

0 Specific enthalpy and temperature

a Turbulence kinetic energy and dissipation rate

3 Hunter, S. C., K. M. Johansen, H. C. Monqia, and M. P. Wood,
"Advanced, Small, High-Temperature-Rise Combustor Proqram,
Volume II: Analytical Mode Derivation and Combustor-
Element Rig Tests (Phases I and II)", AD778766 (1974).

18



PLUNGED CIRCULAR ORIFICES

FLUSH CIRCULAR ORIFICES I
00.7 0.8

- U0.7 UPDATED
1.-: PREDICTED

0.5 - ---- Uj 0.6
U A

-0 ,- .u 0 .6 --- -. ... ....-

0.3 . .. u 0.4
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0.2.- cc0.3
PREDICTED FLUSH

0.1 0.2 --0. --- ORIFICE
C) .1-
0.0 0.2 0,4 0.6 0.8 1.

PRESSURE DROP PARAMETER, I
a -DIMENSIONLESS 0 0,2 0.4 0.6 0.8 1,0

PRESSURE DROP PARAMETER,
(1 -- DIMENSIONLESS

SMETERING HOLES FOR COOLING SLOT

0.9 UPDATED
0.,8 COOLINU SLOT

a PREDICTION----*

0O.7

0.6 .- __ --
u,,0.5- .... .. . "

8J o.4 ,--
LU S03/

S0 .2. . . . . . . .0.1 FLUSH ORIFICE

S0.1 ///"•PRErINCTION

. ~0.0 0.2 0,4 0.6 0.8 1.0
PRESSURE DROP PARAMETER,

a - DIMENSIONLESS

Figure 3. A Typical Comparison Between Prediction
and Measured CD.
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0 Unburned fuel, CO, nnd comnosite fuel fraction

0 Radiation-flux vectors

0 Snrav combustion

Paraqraphs 7 and 8 below qive a brief description of the boundary

conditions and the numerical scheme used for solvino the set of

nonlinear coupled partial differential equations.

1. Equations of Continuity, Momentum, and Enthalpy.

a. Continuity.

div (pv) "Mspray (8)

b. x-Momentum.

Udiv (pOU- lieff grad U) D 2 - (1Lffdiv

0 u 1 0 • 1 0 Ow
+ (eff D) + - rv 3-) + . 1 (11 elf (9)

4 Sup~Sspray '

C. y-Momentum.

div (pVv - %eff grad v) Dr- T 7r (11ff div V)

a•u) +I @ @v 1 a (+v w W
+ -xi(Weff + r 77 W eff r 1r + IT aff 7 " 7H (10)

r r 9 spray

20



1. 9-Momentum.

c- div (iVw -eff grad w) r1 2 0 3 O effd

a (Ief au) +1r ( I v w
+x r rar ['eff r 30 r

+ 1 a Cff (" + 2v)] - pvw + Peff _aw w (I
rTT r r r OTr ra

+ sw
spray

e. Specific enthalpy.
lieff

div (pV h - - grad h) - Sh (12)
Sreff h(2

where

r Sh represents the sum of all the enthaloy source terms
for radiation and spray evaporation

Definition of variables aret

V u Net gas velocity vector
u,v,w * Velocity components alonq x, radial and

circumferential directions
x,y,O - Axial, radial and circumferential coordinates

p a Static pressure

h - Static specific enthalpy
S S ay, Momentum transfer from soray

S• to the qas p~hase u, v and w-
momentum ectuations

21
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It..' = spray evaporation/combustion rate per unit volLunespray

div j vl (rPup- + (rpvW) + G-- I

div Il grad -= [ (r ) +

The effective viscosity Ileff is given by Vieff 11Z + 1 t

where Pt and Pt are the molecular and turbulent viscosities
of the fluid, respectively.

I

2. Turbulence Model.

The turbulent viscositv pt is calculated hv iisinn a two-

equation turbulence model that solves qoverninq ecuations for the
turbulence kinetic energy (k) and the dissination rate (e). The

qoverning eauations for k and ( are,

div (pVk - 1k,eff grad k) Gk -A (13)

div (pe - ,,Leff grad Ec) (ClGk - C 2 P) (14)

where

G2 2 a 2 2
Gk [•a + )+ ) } (15

+ w ( aW"r 2 Du av) 2 (•W v w 2
+ +a + au+ 2+ +T

rk,eff lleff/'k,eff

(16)
Ic,eff "o |•ff/:ef f

.t .CD P k

22



Cn, C1, and C. are co.nstants. r,eff' f,(ffP I 7k, ff 1nd

ff are the effective exehanqe coefficients and( qchmift

numbers for k and , respectively.

The k-t turbulence model is moderate in complexity and is

considered to be superior to other models havinn a similar deqree

of complexity. This model has been extenslvel.y used bv many

investiqators and has proved to be adequate in a wide rancle of

flow conditions. More advanced turbulence models, such as those

based upon the Reynolds-stress modeling approach, are not vet

fully developed to warrant their use in recirculatinq flow-fe..ld
problems as encountered in qas-turbine combuntors. in addition,
such an approach will. appreciably increase the computation

effort.

Recommended values for the constants annoarinq in the ahovv

equLations are

CL = 0.09

C 1 - 1.44

C = 1. 92

k, off 1 0.9

0 . ,egis ca letilated from

k 2

f (L )C1/2

where k is the vonKarnman constant taken to be equal to 0.42.

. Chemicnal Spcies Equations.

A two-step kinetic scheme is tused as renresented by

Equnations 18 and 19,

(L ~) (2 + 11 N2) x Ck) + 11 2L, + n(1 + J.)N., (18)

X C ( 0 + i N.) x CO, + N2  (19)

2! 2
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Stoichiometric oxygen-to-fuel and oxvnen-to-CO ratios for the

first and the second reactions are civen hv

32 (f~
J (12 x + y)

1.2 - 0.571

Combininq Equations 18 anO 19, one obtains overall stoichiometrv

equation as

CH - x 4 (02 tN x CO + H• 0° n(x -)N (20)
X y 4 2 2 222 42

The correspondinq stoichiometric oxyqen-to-fuel ratio is

32 (x. i )

I (12 x y)

Governing equations for fuel and CO mass fractions are:

div (vmfu - rfu off grad mfa e R (2.) 1

div co - ['CO,eff grad co RCO C (22)

where Rf and RCO are rate of oxidation of fuel and CO in accord-

ance with the combustion model explained in oaranraoh a. n",

is the rate of spray evanoration oer unit volume comnuted in

accordance with the spray combustion model eescrintion in Para-

graph 5.

Ecuations similar to the above are reauired for 0
2 , CO', and

H1,O. However, by usino Shvap-Zeldovich anoroximation , one net'ds

to solve only one more enuation for composite fuel fraction,

*fuox

4Williams, F. A., "Combustion Theory", Addison-Oeslev
Publishing Company, Inc. (1965).
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div (pV 0fuox - ]fuox 0 fuox = mevap (23)

where ofuox -
OF OA

where 0 -m. -- x
fu i

OA and OF are the values of • for air and fuel streams, respec-
tively.

Knowing the amount of fuel burned (FB fuox- mfu) the

concentrations of CO2 , 02, and H2 0 are given by

4 x F 44
mc0 2 = (12 + y) -8 2mCO

mox Mf=ui A + 2 mco 4- 0.232 - (0.232 +1) fuox

18 Y FS
ME 2 0 -"2 (12 + y)

Mass fraction of N2 is given by

raN2 = 1 - (M ox V mfu mco mco02 inm -2O )

a. Calculation of Reaction Rates.

Equations are needed for oxidation rates of fuel and CO,

i.e., Rfu and RcO. The turbulent reactive flow is an area of

intensive research, and a number of mudels have been proposed to

predict burning rate of fuel in turbulent environments. A simple

model is used in the present study as explained in the following

paragraphs.

The rate of oxidation of fuel is determined by the minimum

of the following three equations:

25
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i . -.\ .. --. •

1 e J•.)/(1•
kfu, ch ox fu 2 (2.1

C A) M (24b)
fu, turb R1  mfu

t l fl
H ox

fuox, turb CR I /
1 1,i(24c)

Here, Equation 24a is the rate of fuel oxidation as controlled by

chemical kinetics. Generally, a bimolecular Arrhenous expression

is assumed for this reaction. However, the Task I reacting-flow

mapping data was best correlated by using Equation 24a in conjunc-

tion with Equations 24b and 24c.

Equation 24b is based upon the eddy-breakup model of

Spalding5 and expresses the rate of fuel oxidation as influenced
by turbulence intensity and scale, and concentration of unburned

fuel. This model is applicable to premixed flames. Since com-
bustion in gas-turbine combustors is neither fully premixed nor

entirely diffusion controlled, Equation 24c is postulated,

similar to Equation 24, which determines the rate of fuel oxida-

tion as controlled by the availability of the oxygen. The con-

stant I, appears from stoichiometry of the chemical Equation 18.
One could use i instead of i1 without any loss of generality,

because the empirical constant C will simply be different.

The rate of oxidation of CO Is similarly the minimum of the

following three equations:

CO'ch k2 CC O)

RCO,t1uz b CR2 p rce t:/k (25b)

C • ,-- i/k (25c)
Xtub 2 2

5 Spalding, D. B., "Mixing and Chemcial Reaction in Steady
Confined Turbulent Flames", Thirteenth Symposium (Inter- V

national) on Combustion, The Combustion Institute, 1971.
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4. Radiation Model.

A six-flux radiation model based upon the Schuster-Hamaker

approximation6,7 is used in the present program. It should be

noted that, as pointed out by Siddall, other flux model approxi-

mations such as Milne-Eddington and Schuster-Schwarzschild can be

represented by the same form of flux equations with constants

being different. Therefore, the user can modify the flux equa-

tions with relative ease.

The differential equations describing the variations of the

fluxes along the six directions are:

dx ((a I s) Ix I aE 1 2'I (26)

d )- (I.-) "' (a I a) x.1 - aE - -,I (27)

: i d (r Ir ): (a I a) Ir 1 £ -ia E +• I (28)

r :z! riL~ Lri rr, !I d (r ) (a I s) Tr 1 ( 2 9 )•

__ '{ Ir -I -I(9

1 d__ (Ioi) - (a T) TO,, a • 6 (30)

1 d• S

?s T7 1,_ 1. (31)

Hamaker, H. C., "Radiation and Heat Conduction in Light-
Scattering Material", Philips Research Report, Vol. 2, pp
55-67, 1947.

Patankar, S. V., and D. B. Spalding, "A Computer Model for
Three-Dimensional Flow in Furnaces", Fourteenth Symposium
(International) on Combustion, The Combustion Institute,
1973.

8 Siddall, R. G., "Flux Methods for the Analysis of Radiant
Heat Transfer", Paper presented at the Fourth Symposium on
Flames and Industry, 1972.
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rI -,-. ....

where Ix+, Ir+, and Io+ are the fluxes along the positive direc-

tions of axial, radial and circumferential directions, respective-

ly; Ix-, Ir-' and 10_ are the corresponding fluxes along the
negative directions.

a - absorption coefficient defined as radiation absorbed

per unit length

s * scattering coefficient defined as radiation scattered

per unit length

E - black body emissive power - T4

where cr is the Stefan-Boltzman constant

I + 1 +=1- + Ir+ I + +o-

With the composite-fluxes R , R and R defined as:

R 1

RZ 1 (iO + I0)

one can reduce the six first-order flux equations into the fol-

lowing three second-order equations:

d.-. (-- a CRx-E) - § (2Re - re - RZ) (32)

d r dRr r
r T ( a + s + r T )-- a (R -E) + S (2RrRx-RZ) (33)r 3

1 d- 1- ( dR") a (RZ E) I (2R- R - R r) (34)

28



Once Rx, R, and Rz are known, the net radiation fluxes in the

axial, radial, and circumferential directions, QX, Qr, and QZ

respectively, are given by:

x = -I2X I X (35)

-a~a dx

- 2 dRrr+r 2 • d'- r (36)
a + a +1

z_
Q 0 4+ 1-

2 ldRZ (37)
""al-a r d8

The contribution of RX, Rr, and RZ to the source terms of

specific enthalpy, Equation 12, is given by:

(S h) =2a [x-E) +

( ai)tio E(Rr - E) + (38)
z(R - E)]

Since information on the variations of a and s (with other

quantities such as concentrations of CO, H 2 0, CO and soot parti-

cles) is often scarce and unprecise, they have been assumed to be
uniform. However, variable values of a and s can be incorporated

in the program with minor modifications.
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5. Spray Combustion.

It is very important to predict aerodynamic interaction

between evaporating/burning sprays and flow field insofar as com-

bustion efficiency, pattern factor, stability, liner-wall. tem-

perature levels and gradients, smoke and gaseous emissions forma-

tion are concerned. For example, the presence of smaller drop-
lets influence flame stabilization as they provide the main

source of heat in the recirculation zone. Larger droplets, how-

ever, escape the recirculation zone and are mainly responsible

for the smoke formation. Measured data by McCreath and Chigier 9

showed that droplets with initial sizes less than 50 microns were
evaporated in the recirculation zone. The smaller droplets were

influenced greatly by the recirculation zone velocity field,

whereas up to 70 percent of the bigger droplets in the 100-200
microns range escaped the recirculation zone. Their trajectory
was not influenced by the flow-field velocity distribution. The
flow-field influence on evaporation and trajectory of medium-size
droplets, between 50 and 100 microns, was moderate.

Combustion characteristics of liquid droplets burning indi-

vidually are significantly different from those burning collective-

ly in a spray. For example, Beer and his associatesl 0 showed
that the burning-rate constant of monosized droplet arrays was

about half that of single droplets. There was also significant
reductionl0'II in drag coefficient, CD, as compared to that of a

9McCreath, C. G. and N. A. Chigier, "Liquid Spray Burning in
the Wake of a Stabilizer Disc", Fourteenth Symposium (Inter-
national) on Combustion, The Combustion Institute (1973).

1 0 Nuruzzaman, A. S. M., A. B. Hedley, and J. M. Beer, "Com-
bustion of Monosized Droplet Streams in Self-Supporting
Flames", Thirteenth Symposium (International) on Combus-
tion, The Combustion Institute (1971).

' 1 Chigier, N. A., et. al, "Dynamics of Droplets in Burning and
Isothermal Sprays", Combustion and Flame, V23 (1974).
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nonreactive sphere On the other hand, Natarajan12 showed that

CD Ot a b;,rninq droplet should be calr'ldated lot a nonreacting

sphere at the mean proper t is ,ud it i a i d iameter.

Th.e quasi-steady droplet combustion theory with spherical

symmetry piedicts the burning rate constant K to be independent
d L2

ot the burrounding gas pressure, where K - d and d is the

liquid-droplet diameter. However, it has been found expurimen-

tally 1 3 that K increases with an increase in pressure. Raghunandan

and Mu•unda14 critically evaluated the quasi-steady approxima-

tion, variable gas phase properties and incomplete combustion as

related to predc.1tions of burning-rate constant, the flame-to-

diameter ratio and tioe boame temperature. oThe liquid-phase
uns'teadiness lasts f~or about 20-25 percent of the total burning .11

time. it was shown by the authors that a good correlation with

the burning rate data could be obtained by taking thermal con-

ductivity and CD as a function of concentration and temperature.

A majority of tile reported work has been concerned with com-

bustion of single component hydrocarbon fuels. Limited work has

been reported, such as Reference 15, for combustion of multi-

component fuel droplets; but, these approaches became quite com-

plicated for predicting spray combostion of complex fuels like

jet aviation fuels.

12 Natarajan, R., "Experimental Dtr'-,y Coefficients for Evapora-

ting and Blurning Drops at .levated Pressures", Combustion
and Flame, V20 (1973).

1 3 Rush, J. If., and II. Krier, "Burning 0t Fuel Droplets at Pros-
sures Greater than Atmospheric", Combustion and Flame V22
(1974).

14Raghunandan, B. N., and It. S. Mukunda, "The Problem of
Liquid Droplet Combustion - Reexamination", Combustion and
Flame V30 (1977).

1 5 Shyu, R. R., C. S. Chen, G. U. Gondie and M. M. Elwakil,
"Multi-Component Heavy Fuel Drop Histories In a High Temper-
ature Flow Field", Fuel, V51 (1972).
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Figure 4 pictorially presents the approach that has been

used for spray combustion in the present program. The spray cone

is divided into a number of sections or rays. Each ray has a

particular x, y, and z direction associated with it, depending on

the orientation of the fuel nozzle in the combustor and the spray

cone angle.

The initial conditions for each droplet are that they have a

velocity as specified by the program user and a direction corres-

ponding to the particular ray in question. The total fuel-flow

rate is currently divided equally among the rays, although it

would be easily possible to do otherwise. For each ray and for

each droplet size group, of which five are assumed, the droplet

trajectories are calculated from a force balance assuming the

drag on the droplet is for that of a sphere. Heat transfer to the

droplet is calculated using the coefficient given in Equation 39.

II

h - 2 K (l+0.3Pr 3Re2 H- ) (39)D~ m2 -K)

where k is the thermal conductivity of fuel vapor, Re is Reynolds

number based on relative velocity, and D is the droplet diam-

eter. Until the droplet reaches the boiling temperature, no

evaporation is assumed to occur; however, once reached, the evap-

oration rate is obtained from the burning rate constant k.

Where:
d(D2)

d
k0 *-t

k 8 1
o ) Pf CP1 ln(l+B)

13 mass transfer No. 1 r "e CP C" -
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H = Heat ot conhiustion

C

i n Stoichiometric 0 2 -fuel mass ratio

Lvap z Latent heat of vaporization

) M Liquid fuel density

A1 and (CPI) the thermal conductivity and specific heat inside

the flame zone, are assumed to be

;1=0. 4Xf + 0 6 AAI
IA

CP1 " CPf

and are evaluated at the averaqe of the hoilinq and flame temper-

atures. These calculations are performed explicitly, with care
taken that the time step is sufficiently small, until at least 99

percent of the fuel has evaporated.

The above procedure r(ec'ires knowledqe of the fuel and air
properties. The particular values used in the current proqram
are listed below.

a. Droplet-Size Distribution.

o Vol. _,of Spray Size Ratio (D/SMD)

1 0-20 0.6
2 20-40 0.9
3 40-60 .1.2
4 60-80 1.5
5 80-100 2.1-
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b. Liquid-Fuel Density (P ).

KG
Pf a 1000(PR6 0 + 0.208 - 0.00072 Tfl

PR 60  1.076 for JP4
I60"1 + r -i (1 - 0.67F)

PR6 0 ' Specific gravity of residue at 60*F

I'

F = Fraction evaporated

Tf a Fuel temperature

c. Specific Heat of Liquid Fuel (CPfj.

CPf = 840.5 + 4.1372 Tf (J/KG -. OK)

d. Molecular Weight of Fuel Vapor.

Interpolated from table below,

F MW(JP4)

0 93.26
0.1 114.60
0.3 126.61
0.5 138.16
0.7 150.59
0.9 3.73.21
1.0 204.76

e. Thermal Conductivity of Fuel Vapor (X 1.

f 1.729 (A+BTf) (J/M-OK-Sec)

where A and B are from the followinq list:
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I' ifuel B

50 -6.362E-3 53.5E-6

100 -6.358E-3 4-IE-6
150 -6.284E-3 16.6E-6
300 -6.010E-3 42.3E-6

!! ~ f. Specific Heat of Fuel Vapor .(C fv•

"CPf 4183.3 (0.153 + 0.00081Tf) (,--

g. Latent Heat of Vaporization (Lvapl.,
S~.39

L Lvap a 30676.6 (1092.88 - 1.8T f) (J/Kr.)

h. Boiling Temperature of Fuel (TB.r

TB a A In Pv + B (OK)

Swhere Pv is vapor pressure in pascals, A and B are from

the following list:

Evaporated A B

0 41.026 -114.000
10 30.857 41.574
30 27.348 96.534
50 23.997 146.567

The spray calculation procedure is briefly described in the
following paragraph. Referring to Figure 4, the analysis is done

for each of the rays selected and their subrays. Details are
given for the control volume around a point P, where it is shown

for two typical rays identified as Ray No. 2 and Ray No. 3. With

each of these rays there might be five subrays, or less, depend-
ing upon the location of point P, initial droplet sizes, and the
properties of the field through which the individual drops have
traveled. Depending upon the direction of the ray and the
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fInite-difference nodaI volume, caiculations for evanoration/

burninq are don(, for a number of subcqrij points. The Oropletfs

are allowed to exchanie mass, momentum, and enervy with the

surroundinq qas phase. The net amount of mass, enerciv, and

momentum received by the node P is the sum total of all dronleta

passing throuqh the control volume of P.

6. Calculation of Gas Temperature.

With the specific enthalpy and chemical species known, the

qas temperature is calculated as follows. The specific enthalpv h

is the summation of the enthalpies of individual species, i.e.,

h • : mi~hi

ioi

111 

i R". i ): m hi + TI ) ( l)dT + T C i(T)dT]
,i i oIV l. T* Il

Thu a, q iv i nq

h - -:i li hi (T *) + C (Tr*) (T.-T*) (47)

where mi, hi, h, C , T*, and T are species mass fraction,

K specific enthalpy, head of formation at a reference temperature

T , isobaric specific heat, gas temperature of the previous iter-

ation, and the unknown qas temperature, respectively.

Therefore, from Equation 47 one obtains the followinq

expression for the qas temperature T:

V * f h - ," , i m h I ( ' )

i(48)
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The variation of Cp as a function of temperature is taken

as a fourth-order polynomial of temperature as qiven in Reference

16.

7. Finite-Difference Solution of the Equations.

The numerical solution of the nonlinear, coupled, partial

differential equations can be obtained by using finite-difference
methods. A numerical solution of the hydrodynamic ectuAtions can
be obtained by two methods. The earlier approach emoloyed for 2-

D flows was the so-called streamline-vorticity method3 . Here

pressure is replaced from the momentum equations by differentia-

tion. Stream function (t) and vorticity (w) replace the velocity

components and the pressure, thus requiring solution of only two

instead of three variables: namely, u, V1 and p. The eauations

were solved by a point-by-point successive-substitution pro-
cedure. Since 0 and w are ll'nked at the boundaries by way of the

no-slip condition, the w boundary specification could be done a
number of ways leadinq to considerably different false Miffusion

11levels as recently evaluated by de Vahl, Davis, and Mallinsor.n
In addition, problems were encountered in obtaininq fully con-
verging solutions with nonuniform qrid spacing. Since 1.973,

AiResearch has used a Pressure-velocity (primitive variable)

solution approach, which has the followitiq three advantaqes over

the q, - w method:

0 It permits computation of variable density flows where

p depends upon pressure and temperature.

1 6 Gordon, S., and B. J. McBride, "Computer Proqram for Calcula-
tion of Complex Chemical Equilibrium Compositions, Rocket
Performance, Incident ond Reflected Shocks and Chapman-
Jouguet Detonations", NASA SP-273 (1971).

~17de Vehl, Davis, and G. D. Mallison, "An Evaluation of Upwind
and Central Difference Approximations by a Study of Recir-
culatinq Flow", Computers and Fluids (1976).
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0 It allows unsteady flows to be calculated as easily as

steady ones.

0 * It works for 3-D flows as well as 2-D flows, whereas

the 0 - w method cannot be easily extended.

Many primitive variable solution methods have been nut for-

ward by different researchers 1 8 . They vary enormously in com-

plexity, ease of use, efficiency, and applicability. The 3-D
combustor performance code is based on the well-tried SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) algorithm

of Patankar and Spalding as described in Reference 19. The

features of the computer model include:

0 Solution of sufficiently general single form differen-
tial equations

0 Provision for use with different physical models

* Use of pressure and velocities as the main hydrodynamic
variables

0 use of the pressure correction techniaue

0 Provision of two coordinate (plane and axisymmetric)

systems

0 Use of nonuniformly spaced grids

1 8 Anon., "Proceedings of the Third AIAA Computational Fluid
Dynamics Conference", Albuquerque, New Mexico, June 27-28,
1977.

19Patankar, S. V., "Numerical Prediction of Three-Dimensional
Flows", in Studies in Convection: Theory, Measurement and
Application, Volume 1, Edited by B. E. Launder, Academic
Press, 1975.
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0 Use of staggered grid with attendant minimum truncation

errors

0 Derivation of finite-difference equations by integrat-

ing the differential equations over finite control vol-

umes and thus ensuring mathematical compatibility
between the finite difference and the original differ-

ential-equation formulations

* Efficient line-by-line tri-diagonal matrix solution of

the difference equations

• Unconditional convergence for all Reynolds numbers

* Provision for under-relaxation

A typical grid node spacing is shown in Figure 5. Finite-

difference equations for a node are obtained by inteqratinq the

differential equations over a control volume enclosing a qrid
node. For evaluating the convection and diffusion fluxes throuqh

a control volume face, a linear variation (in the direction

normal to the face) of the flow properties is assumed. For other

purposes, a step-wise variation with discontinuities at control-
volume boundaries is assumed. Net rate of flow of 0 into the con-

trol volume around a node P (Figure 5) by convection and dif- 4

fusion in the x-direction is

S[T X+ (I - fx_) Lx1] ýX- + (Tx+ fX+ LX+3 tX+

-[T - f LX 4 TX+ + (- f

where

Tx = ,eft,r AX/ 6 x
Lx = m X"/Ax (49)

AX = 0.5 (r+ + r) AY
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Defining fff S V S + 84p', tile one-dimensional transport

equation for the variable 0 becomes

ITx_ 4. (1 - fx.) LX_ + TX+ - fx+ LX+ S p

x_ (1 - X Lx- 'PX- + ITx+ - fX+ L X+1 4 X+ + Su

The above equation was Oerived based on reasonable assumptions.

However, the linear-profile assumption becomes unacceptable when
f x+Lx+ is large compared with T+ because the weiqhtinq factor
(Tx f L+) then becomes necgative, implvinq an unrealistic+ x+ tX+)
physical process through which raisinq the value of OX+ could

lower the value of * . Therefore, it is assume6 that if the con-

vective flow rates (L) are larqe compared to the diffusion coef-

ficients (T) , the diffusion across the control-volume face is

zero and the value of 0 convection is eaual to the value at the

node on the upwind side of the face. With this assumption, the
coefficient T+ - f Lx+ is replaced hy T*+ - f+ + where

T*+ [TX+, - (I- fx+) LX+, fy+ LX+1 (90)

Here [a 1 , a 2 , a 3 1 stands for the larnest of the three cuantities

ai, a 2 , and a 3 .

The final finite-difference ectuation is reduced to

Ap p = AX+4X+ + AX.4 X- + Ay+ýy+ + Ay.Oy_ + AzfýZ+ + AZ_ýZ- + SU
(51)

The solution of the above eauation is obtained hv line-hv-1Ine

relaxation usinq an efficient tri-diaqonal matrix alnorithm. Sy

this method, for an x-v nlane, a traverse alonh one direction,

say the X-direction, is made with old values for tile vOiroctinr

nodes. Using this solution as the best estimate, the v-Oirection

is then traversed. The same nrocedtire is rereated for other m-v
planes.
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8. Boundary Conditions.

The specification of the boundary conditions is done in a
number of ways depending upon the problem. For the left inlet
boundaries, velocity, density, and turbulence profile's are either

experimentally known or estimated. The program can handle any
specified profiles. For boundaries of the second kind, where
gradients and not the values of the variables are specified, the

program uses one of the following two approaches. In the first
approach, the boundary value is guessed and continually uodated
so as to satisfy the given gradient condition. The second
approach breaks the link through the boundary to all adjoininq
external control volumes by first arrangirnq for the finite-
difference coefficient connectinq the boundary node to an

internal node to be zero, and then inserting the correct flux at

the boundary as a false source of diffusion and/or convection tur

that internal node.

At the symmetry plane, the convection and diffusion fluxes

are zero. Therefore, the convection coefficient Cy_ and the

exchange coefficient (reff) are made zero at the axis of sym-
metry. For the exit plane, information about some of the vari-

ables is not available. However, since it is the process occur-

ring in the calculation domain that decides values of the vari-

ables which the outgoing fluid will carry, there is no need for
information at such boundaries. These boundaries are simnlv

treated by making the boundary rFff equal to zero. The cyclic
boundary conditions are used for the circumferential direction.

The near-wall region is Qiven a special treatment in the

program. Since the expression for Feff is accurate for turbulent

flows only, a means is provided for the inclusion of the correct

shear stresses and other fluxes at the wall.. Therefore, the

nodes next to the wall are assigned the following values as ner

an empirical wall law:
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Y + 11.5 (wal2)

"-iIn (9y+) + P (2

y k C T1

Where 8 is the normal distance of the wall from the first inter-

ior adjacent node. The kinetic energy of turbulence has small

diffusion near the wall; hence, Fwall for k is set equal to zero.

Instead of computing rwall for e, it is calculated for the near-

wall node by assuming a linear variation of the lenqth scale
giving the following expression:

3,/4 3/2
(=Co k /(KS1

LINER COOLING MODEL

In order to design a durable combustor with conventional

materials, the liner-wnll temperature levels and qradients must

be controlled. Consequently, it is imperative to have a calcula-
tion procedure that can be universally used for predictinq liner

wall temperatures. The wall temperature at a point P in a com-
bustor liner (shown schematically in Fiqure 6) is determined by

energy balance on a control volume around P, i.e.,

C H H CC + RC

where C and R denote the heat transfer rate hy convection and
radiation, respectively. The subscripts H and C correspond to

the hot side and cold side of the liner, respectivelv.
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A 2-D parabolic proqram is used to compute the hot-side con-

vection and radiation heat transfer, the marchinq direction heinq
x. The followinq expressions are used for calculatinq the cold-
side heat-transfer rate.

-0.2
cc = 0.0268(Cp G)an Rex (Tw-T an) (54

•Re a 1 .' D (T w4-Tan 4 (55)
S+ L (1-

where Cpan, Can' and Tan are annulus air specific heat, mass

velocity, and temperature, respectively. The length Reynolds
number is based upon x downstream from the coolinq-slot meterinq

orifices. ew and ep are the liner-wall and the plenum-wall emis-
sitivitesl DL and Dp are the diameters of the liner and plenum,

respectively. 0 and Tw are the Stefan-Boltzman constant and the
liner-wall temperature# respectively.

One major advantage of using algebraic expressions for the
cold-side heat-transfer rates is that the appropriate expressions

can be used for advanced cooling schemes that increase the heat-
transfer rate from the cold side. Consequently, the coolinq
schemes, such as multiple impingement, extended-surface qeome-
tries, and chemically-etched surfaces, can be predicted by usinc
the liner cooling model developed in this program.

Since a 2-D calculation procedure is used for calculating

the hot-side heat-transfer rates, the model is strictly applic-
able to either uncooled liners or the liner walls protected by
cooling films. The user will need to make approximations in pre-
dicting wall temperatures downstream from discrete radial jets

such as the primary and secondary jets.
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The 2-D parabolic proqram solves the governinq eauations for

the fol]loaing variables:

0 Streamwise velocity and swirl velocity

a Turbulence kinetic enerqy and dissipati-on model of

Jones and Launder 2 0.

a Specific enthalpy

a Unburned fuel, CO, and total fuel appropriate to the

two-step kinetic scheme.

0 Composite-radiation flux for the two-flux radiation

model.

0 Five-droplet trajectories

The governing equations, as reduced from the set of equa-

tions presented in paraqraph B for parabolic flows, are trans-

formed to the following qeneralized form of transport equations
21for the von Mises coordinate system

DOj + (a + bw) - L (c •lj) + d (56)
axat3

where a - rI I /('E-I) (57)

b (rEr - r it)/(-'0 1 I) (58)

SE I Ej,off

S (- / -(60)I E
2 0 Jones, W. P., and B. E. Launder, "The Calculation of Low-

Reynolds Number Phenomena with a Two-Equation Model of Tur-
bulence": ASME Paper 72-HT-20, 1.971.

2 1 Patankar, S. V., and D. B. Spalding, "Heat and Mass Transfer
in Boundary Layers", Intertext Books, London; 1970.

47

_____I •



Here Q. is a qeneralized variable, and d4 contains the source/
sinks and the other terms in the ooverninc inmation tlwit do not

fit in the convection and d1iffusion terms presented in Eauation

56. ', r, and P" denote streamline, radius, and entrainment
rate across the boundaries V = *I and 4= -E. The subscripts I
dnd E refer to the inner and outer (external) boundaries of the

domain of interest.

The numerical scheme used is a variant of the efficient

numerics of Patankar and Spaldina as described in Reference 21.

A brief description of how the model is used for oreclictinq

liner-wall temperatures is given in the followinq paraqranhs.

Consider a typical combustor liner and its predicted iso-
thermal lines for an x-y planel e.a., in line with nr.mary jets,

such as shown in Figure 7. The 3-D comhustor-performance model
predicted a revert flow reqion near the dome, as shown by hroken
lines. This particular combustor has three coolinq slots on the
OD liner wall and four coolinq slots on the ID wall. The wall-
coolinq model is used for predlcting both inner- and outer-liner
wall temperature with initial conditions for the three stationn
shown, defined by the combustor-performance model. The number of
x-y planes to be solved depends iono a rarticular combhustion

system. If the nredicted combustor internal flow is hlohlv
three-dimensional, then one may have to solve as manv planes as

. the number of 0-nodes used in the 3-D computation. However, as
the flow field aporoaches a two-dimensional approximation, one
need not analyze more than a few x-y planes to obtain an accurate
wall-temperature prediction.

I iSince the Present wall-coolina model is a two-dimensional

model, it cannot analyze wall. reqions near nrimarv, intermediate,
and dilution orifices. Consecvuentlv, it is advisable to restart
the model for each panel with initial. conditions as niven by the
combustor-performance model. Care should he taken in nnalvv.nQ
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the orimary panel because of the presence of reversp-flow renion.

There are two possible approaches for analvzina this section.
The first anoroach, the marching recion lies between the liner
walls and u > 0 with exchanqe rate specified for ni - 0 line. In
the second approach, one can define a boundary ePce for which the

edge conditions for dependent variables, including radiation

flux, are defined based upon the combustor nerformance predic-

tions. Then the wall-coolinq model is run seoaratelv for the

inner and outer primarv panels.

In order to get more accurate wall temperature predictions,

it is imperative to know the Precise coolinq slot exit cone1-

tions. In addition, one must accurately predict the effect of
the splash-plate thickness on initial mixinq between the cold-

stream and main-combustion qases. The 3-D elliptic code can be
used with minor modifications to predict the development of the
jets exiting from the coolinq-slot metering orifices. The effect

of liner-pressure drop, orifice size and spacing, slot-lin

length, and height on the slot-exit profiles can be analvticallv
predicted. The 3-D elliptic code can also be used to nredict the

effect of the lip thickness on the initial mixing between hot and

cold streams.

TRANSITION-LINER MIXING MODEL

The overall length of a qas turbine engine that employs a

* centrifugal compressor as the last staqe of compression can be

minimized by using a reverse-flow combustor. When the engine
uses an axial turbine as its high-pressure turbine, a transition
liner is needed between the combustor exit and the stator inlet.

The transition-liner geometry, as shown in Figure 6, is auite

complicated in that combustor exit flow, with mainly axial
velocity component flowing from right to left, is bent through a

180-degree turn in order to flow into the turbine stator. The
radii of curvature of both the inner- and outer-liner walls vary
as a function of distance alonq the surface.
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The flow in a practical transition liner is qenerally

stream wise with little separatioti. Small reqions of separated

flows may exist along the ID transition liner surface. But, to

insure structural durability of the liner, cooling air is

generally injected in these separated areas so that the local
liner-temperature levels and gradients are within allowable

limits. As burner-exit temperatures increase along with reduc-

tion in burner length, cooling-film bands might be used for main-

taining transition liner-wall temperature characteristics at an

acceptable level.

A significant fraction of the mixing of hot streaks with the

cooler combustor gases takes place within the transition liner.

With the advent of volume-limited turbopropulsion engines, there

would be need to predict performance of the transition liner in

regard to exhaust-temperature quality. In addition, the

transition-liner-wall temperatures must be determined so as to

estimate the liner life. A 2-D transition mixing model was

therefore developed for this purpose. The program was adopted

from the wall-cooling model described in the Liner Cooling Model

paragraph. It solves governing equations for streamwise velocity
and swirl velocity, specific enthalpy, turbulence kinetic energy,

and dissipation. The effect of curvature on radial pressure

gradient is taken into account. H~wever, the pressure elliptic

effects due to streamline curvature have been neqlectee.

GASEOUS EMISSIONS MODEL

Both the combustor-performance model and the wall.-coolinq
model use a simple kinetic scheme in that the combustion process

is described by two reaction steps, as given by Ecuations 18 and

19. Such a scheme is manageable for complex computer codes like

the combustor-performance model. In addition, the model predicts
both unburned fuel and CO which accounts for most of the combus-

tion inefficiency. Since the engineer is qenerallv interested in
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eatimatinq combustion efficiency of a given combustor desiqn, the
combustor performance model is adequate for the purpose. How-
ever, when there is a need for estimatinq the NOx emissions, one
should preferably use a detailed kinetic scheme so as to predict
intermediate species (such as 0, N, and OH) that are considered
important for the NO production. A number of calculation pro-

cedures exist for estimating the NOx levels; e.g., those
described in References 22 and 23. The approach taken here is
explained as follows.

The wall-.coolinq model was modified to incorporate the fol-
lowinq 16-step kinetic scheme involving 11 chemical species.

CxHy +(0 )--N•(XCO +Y• (X~i Y6
+3.7 2 2 (3.76 N2 )

CO + OH W CO2 + H (62)

CO + 02 .. CO2. + 0 (63)

M + Co +0 .•CO 2 + H (64)

CO + Ho CO 2 + .F2 (65)__
0 + H .07OH + OH (66)

COH + H2 ..- H2 0 + H (67)

02 + H . iOH + 0 (68)

0 + H2 - OH + H (69)

0 + H20 O._ H + OH (70)

H + H + M + M (71)

0 + 0 + M 0, 2 + M (72)

2 2 Sanborn, J. W., R. S. Reynolds, and H. C. Mongia, "A Quasi-
Three-Dimensional Calculation Procedure for Predicting the
Performance and Gaseous Emissions of Gas Turbine
Combustors", AIAA Papur 76-642, 1976.

2Mosier, S. A., and R. Roberts, "Low-Power Turbopropulsion
Combustor Exhaust Emissions, Volume 3, Analysis", Technical
Report AFAPL-TR-73-36, 1974.
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O + I + M -OH + M (73)

N + OH NO + H (74)

N2 + 0• NO + N (75)

02 + N . NO + 0 (76)

A one-step global reaction is assumed for oxidation of fuel to

CO as described by Equation 56. This reaction step is similar

to the first reaction of the two-step kinetic scheme used in

the combustor-performance model and the wall-cooling model.

The reaction step is slightly different from that nroposed by

Edelmen where his postulation produces H2 instead of H2 0,

assumed here. A set of four reactions are used to describe

oxidation of CO. Eight steps are used for reactions involving

H2 , 02 and their dissociation products. Finally, three reac-

tion steps are used for the NO production. Although the pro-

gram uses the 16-step kinetic scheme, a more extensive kinetic

scheme such as that used by Edelman can be incorporated with

relative ease.

The fuel-oxidation reaction is controlled by both chemi-

cal kinetics and turbulence similar to the scheme used in the

two-step kinetic scheme described in paraqraph B3. The

remaining 15 reaction steps are controlled by chemic&l kin-

etics, although the modified eddy-breakup model could be used

for these reactions also.

The numerical scheme used in the emission model is

slightly different from that used in the wall-co.olinq model in

regard to the way the source term di of Equation 56 is calcu-
lated for the 11 chemical species. For each marchinq step

2 4 Edelman, R., J. Boccio, and G. Weilerstein, "The Role of Mix-
ing and Kinetics in Combustion Generator NO ", Paper pre-
sented at AICHE Symposium on Control of NO Emissions in
Direct Combustion Power Sources, 1973.
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size AXof the parabolic nroqram, (I for the chemical nrecies

is computed by using the followinq I-D eauation

dt (77)

which is obtained by neqlectinq the cross-stream convection
and diffusion terms of Eauation 56. Equation 77 is solveO for
each of the species by takinq a number of steps for the eis-

tance AX. Typically, 50 steps are used for each AX. With the

source terms for the species now estimated, Eauation 56 is

then integrated for each of the species over the distance AX.
Such a modification results in approximately 70-nercent reduc-

tion in computation time as compared to the numerical scheme

used in the wall-coolinq model.

FUEL-INSERTION MODEL

It may be recalled that a sprav-.combustion model is used

in the combustor-performance code. This spray-combustion

model includes heating, evaporation, and combustion of the
spray, as wel! as the spray trajectories. The code also

allows for the exchanqe of mass, momentum, and eneroy between
the spray and the gas phase. Since a complete solution of the

3-D combustor-performance model takes a lonq computation time,
on the order of three hours on the Cvber 174, an inexpensive

calculation procedure was needed for Initial selection of the

fuel-nozzle characteristics. In addition, such a procedure
would allow approximate evaluation of different nozzle deslcrs

in a flow field as computed by the combustor-performance

model. A fuel-insertion model was therefore develoned for

this purpose.
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Fuel-droplet evaporation rate and heat-transfer rate of

the droplet are calculated accordinq to the Priem-Heidmann

model as described briefly in the followinq paragraphs.

Vaporization of the droplet mf, Ibm/sec is qiven hv

A A K Ivt (78)

Num L 2 (1 + 0.3 Sc ) (79)

P P i

nvap i P (80)

where A6 , K, Num, Pap' rL' pvap' D, SC, Re, anti P, are

droplet-surface area, burning-rate constant, Nusselt number

for mass transfer, fuel-vapor pressure, droplet radius, fuel-

vapor density, diffusivity, Schmedt number, Revnolds number,

and surrounding pressure, respectively.

Similarly, heat-transfer rate to the liciuid surface av

Btu./zec is qiven by

(. . IV As h (Tw-T L) 7 81

L 2h1.+ /31
/

Nu h2( 1/3 R / (82)! Nll= -- '- "2 ]. 03 r C

"7. (83)

M • f C p IV IP/h A s

where h, NuH, k, P1, and C are heat-transfer coefficient,r Cp,vap

Nusselt number for heat transfer, thermal condluctivitv,

Prandtl number, and isobaric-heat capacitv of fuel vapor,

respectiveiv.

55



As in the spray combustion model of the combustor oerfor-

mance code, the spray is divided into five discrete drolpet

sizes. The physical and chemical properties of the jet fuels

are varied as a function of the fraction evaporated, as des-

cribed previously in Paraqraph B5.

The followinq expressions for the sorav SMD are currently

incorporated in the code. These can be easily chanqed by the

user if desired.
I;.

1. Simplex Nozzle.

225 W f0.205 0.3
SMD AP 0 .354 (5

2. Si..mplex Nozzle with Air Assist.

196 / (I) " 9
_____=_______V_____

sMO -° w 0.9 (86

0.438 (Wf) Vaa [0.5 4 (---) f V]

3. Duplex Nozzle.

330 Wf 0'205 0.3

API SMD WA + APS Wfs 0.354 (87)

4, Duplex Nozzle with Air Assist,

/F-S W)0.095

SMD 196 V - (i)
S D =W 0.1i Vf 2 V f .1/2 (S

0.438 ( 0.- Va1  10.5 + 2 - i7-=(--)
f ýAila
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5. Air--Blast Nozzle.

(1 + ( W )
Wf Wf 20- 1/2 9aX) f 0.425 [l÷w--n

SMD 1.25 (_f_ n + 0.73 n (89)
D saP a( 0.575Va'a Pa Df

where:

Wf - Fuel flow
A Fuel viscosity
v a Fuel kinematic viscosity

Apf a Fuel-pressure drop
O* = Fuel-surface tension

S a Fuel-sheet thickness

Pa U Air density
Wa u Air-assist airflow

V * Air-assist air velocity
Vf - Fuel velocity

A P - Primary fuel-pressure drop
Li p

LPs " Secondary fuel-pressure drop
Wfp a Primary fuel flow

W - Secondary fuel flow

Pf = Fuel density
Df a Filming diameter

Wan a Air-blaat airflow rate
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III. DESCRIPTION OF COMPUTER CODES

ANNULUS FLOW MODEL

The annulus-flow model calculates flow conditions around the

combustor annulus by solving I-D fluid-flow equations and pro-

vides information regarding annulus axial and tangential veloci-
ties, heat transfer from the liner wall, flow rates, jet veloci-

ties, jet angles and discharge coefficients of the various liner
orifices, as well as the overall liner-pressure drop. Codinq
logic is provided so that the user may analyze can, and axial-
flow and reverse-flow geometries. In addition, options allow the

program to calculate the pressure drop for a qiven inlet flow

rate or inlet flow for a given pressure drop. The program wi]l

also calculate either the flow through a specified orifice row or

the orifice diameters required to pass a specified-flow rate.

Finally, a plot, if desired, can be made giving the flow condi-

tions around the combustor annulus and through the liner

orifices.

The function of the MAIN program (a computer listinq has

been provided in Appendix B) is to call subroutine COMANN, which

is the main controlling routine, and to perform file manipula-

tions in the case of an axial-flow geometry. For this qeometry,

one Item (usually not known) is the flow split between inner and

outer panels. The user inputs essentially two separate cases,

one for the OD panel and one for the ID. The program will then
iterate on the flow split until the inner- and outer-panel pros-
sure drops are equal. While calculations are heing performed on

one panel, information about the other is stored on scratch

files.

Subroutine COMANN performs the iteration logic and calls the

other subroutines as required. Iteration on pressure drop or
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flow rate is performed until the calculated flow through the

liner orifices agrees to within 0.05 percent of the inlet flow.

However, if a solution is not obtained in 20 iterations, the pro-

I gram will stop, as errors in the input or high annulus Mach num-

bers could make convergence difficult. Of particular importance
is the variable RELAX, defined at card CO.31. This is a relaxa-
tion parameter used in the convergence logic and has considerable
influence on the convergence rate. The simple function provided

has worked moderately well for various combustor geometriesy how-
ever, for complex designs or high annulus mach numbers it is
anticipated that the value of RELAX will need to be reduced to
obtain a solution.

The names of the remaining subroutines are descriptive of
their functions. All data cards are read in subroutine INPUT and
then are printed out in subroutine PINPUT. INLET calculates the
inlet conditions to the combustor annulus while LENGTH and FLOW
perform calculations of annulus flow conditions and orifice flow
conditions, respectively. FLOW, in turn, calls JET and DCOEF
which calculate the orifice jet velocity and discharge coeffi-
cient. Some attention to cards DC.34 to DC.57 in DCOEF is war-
ranted. As there was only qualitative agreement between the mea-

sured and calculated discharge coefficients, a constant multi-
plier was applied to the calculated values. Line printer output
is produced in PROUT while the plots are generated in PICTUR and
BOXES.

3--D-COMBU STOR-PERFORMANCE MODEL.

The 3-D performance model is a three-dimensional
recirculating-flow program that is capable of analyzing a variety
of combustor configurations, including can, can-annular, and
annular. The deck solves for the three velocity components, U,

V, and W, three species concentrations, including UHC and CO,
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turbulence qualities for the K-f viscosity model, and three

radiation fluxes. In addition, the use of primitive variables

makes modifications to the boundary conditions easy, allowing the

user to analyze complex inlet geometries. Also provided is a

subroutine for calculating the trajectories and evaporation rates

of a fuel-nozzle spray.

Program MAIN (a computer listing has been provided in

Appendix C) is divided into two basic sections. Up to card

MA.167, the routine is concerned with reading the input data and

converting it to the program's internal units which are Systeme

International (S.I.). The input sequence is covered in paragraph

B of Section IV so only the units will be discussed. Cards MA.7

to MA.ll are used to define seven arrays which convert lengths

associated with dimensions and lengths associated with velocity,
energy, mass, temperature, pressure, and angles r2spectively. By

proper specification in the data statements, the user may employ
those input units that are most convenient. The output units are
always S.I. From card MA.168 on, MAIN's function is to call the

other various routines in their proper sequence.

Subroutine INITIAL performs some preliminary calculations
(AL.10 to AL.155), prints the input data (AL.156 to AL.258), and
defines the initial conditions and some of the boundary condi-
tions on the various arrays (AL.259 on). In section AL.48
through AL.78, two arrays, JKIN and IKIN, are defiled. They
merely contain flags which indicate the locations of mass injec-
tion points. Cards AL.261 to AL.272 contain logic for the

restart option. If Tape 8 from a previous run is saved and then
made available for use during a subsequerit run, the program will

read the initial and boundary conditions from it.

Subroutine ALLMOD contains several entry points which per-

form miscellaneous calculations pertaining, usually, to the
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boundary nodes where modifications to the standard equation are

in order. The cyclic nature of the houndary conditions in the f

or K direction is evident in FMOD as well as limits to the fuel

and carbon monoxide mass fractions. VELMOD allows the inlet

swirl vel)city to be increased gradually over a number of itera-

tions and assures that overall continuity is maintained at the

exit plane. DFNMOD makes alterations to the density at the

boundaries to maintain the correct mass-flow rate, GAMOD speci-

fies the wall viscosity values as calculated by the wall func-

tions. SOMAS is used to initialize an array DIVG which is used
later in the program. The largest entry point SOMOD contains

logic for modifying the equation coefficients and source terms

when cooling slots, walls, and droplet evaporation are present.

Each variable has its own section and accounts for transfer with

"the walls and mass addition from the evaporating fuel. SOMODZ

deals only with the Z-direction radiation equation and is in a

section alone as the data storage is slightly different for this

variable.

Subroutine AUX performs the auxilliary calculations for tem-

perature, density, viscosity, and source terms. Entry DENS uses

AU.1l to AU.56 to calculate temperature. Cards AU.52 to AU,56

limit the values calculated in order to account for disassocia-

tion and early iteration fluctuations. With known temperature,

density is then determined from AU.57 to AU.108. VISCO obtains

effective viscosity from turbulent kinetic energy and dissipation

and calculates y+ for use by the wall function routine. SOURCE

contains all calculations for source terms with the exception of

the aforementioned modifications in SOMOD. Again each variable

has its own section, with coding that is quite straightforward

and requires no explanation.

Subroutine AUXRAD performs the same function as AUX except

that it pertains only to the radiation equations.
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SPRAY is used to determine the evaporation rate of the fuel-

nozzle spray. A large section, from SP.106 to SP.269, deals with

locating the droplet, determining free-stream conditions, and

handling the situation where the droplet approaches a boundary.
Next, various fuel- and free-stream properties are evaluated (to

SP.292). The drag forces and time step are then determined and
used to obtain new velocities and location. If the droplet is

below the boiling temperature, no evaporation occurs (SP.340 to

SP.347); but, when the boiling temperature is reached, evapora-

tion rates are calculated, and the appropriate entries to the
evaporation array (EVAP) are made. Information concerning momen-

tum changes due to evaporation are also stored in their respec-
tive arrays and later (SP.382 to SP.425) on a scratch file for

use when the three momentum equations are solved.

The coefficients for each variable are generated and the

solution routine called in subroutine STRIDE. First, equations

for U, V, and W are handled (ST.117 to ST.632), then the pressure

perturbation (PI) is obtained (SP,633 to ST.714) and used to cor-
rect the velocities (SP.716 to ST.753) so that mass errors are

minimized. Then, the remaining variables are solved with the
radiation equations having their own special section (ST.915 to

ST.937).

STRAD is a subroutine used in the radiation model which per-

forms the same function as STRIDE performed for the other vari-

ables.

SOLVE provides a solution to the equations generated in

STRIDE. A full three-dimensional solution would be time consum-

ing and would require enormous computer storage. Therefore, an

approximate solution is obtained by "sweeping" through the field

several times alternately solving along one direction, while

holding the values in the other two fixed. The variable ICTDMA

i t6
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(UV) at SO.36 is used to specify the number of such sweeps. As
the program converges, and the variables assume their final

values, the solution becomes more and more accurate.

LINER COOLING MODEL

This program is derived from the 2-D parabolic GENMIX pro-

gram of S.V. Patankar and D.B. Spalding2 1 . Modifications have

included the addition of a two-equation viscosity model, two-step

reaction scheme, two-flux radiation model, plus subroutines for

calculating wall temperatures and liquid-fuel-evaporation rates.

The b•Ai•c geometry for which this program has been geared is

continubus inner and outer walls or continuous inner axis of sym-

metry and outer wall. Other situations may be analyzed provided
the proper internal modifications are made to the code.

r The MAIN program (a nomputer listing has been provided in

Appendix D) handles several functions, includinq input, estab-.

lishment of initial profiles, logic for boundary conditions, call-

ing the additional routines in sequence, and output. The

initial section of MAIN (through MA.369) deals with input and

initial conditions. Input begins at MA.44 with the case title

followed by control indices and grid parameters. More computer

storage has been provided than is required for the six species

involved in the two-step reaction-.scheme, therefore, the extra

arrays are zeroed. Various other variables are initialized prior

to reading the name list at MA.187. The initial profiles are

read from MA.212 to MA.222 and values are assigned to all the

arrays from MA.292 to MA.269. The main marching loop (MA.272)

begins with the calculation of pressure, temperature, and density

(through MA.472). STRIDE(1) called at MA.497 calculates the

2 1 Patankar, S. V. and D. B. Spalding.
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physical dimension of y from the transformed cross-stream vari-

able (a. The forward step size is next determined alonq with

checks for specified X-locations. The boundary conditions are

established between MA.528 and MA.743, and in this deck can be

either an inner wall or axis of symmetry and an outer wall. Sec-

tions dealing with others are bypassed. The wall temperatures of

the inner and outer walls, if required, are determined by the two

call statements MA.747 and MA.748, while STRAD (MA.750) is a sub-

routine used to calculate the radiation flux. Duct geometry and

pressure gradient occupy the next section MA.755 to MA.857 and

provides two methods for pressure qradient calculation which are

selected by IDPDX. When the value is 01, the proqram uses a

guess-correction method, whereas for a value of 02, the program

immediately corrects the velocity and pressure fields if the duct

area and flow area differ. Entrainment rates are calculated from

MA.907 to MA.934 but are not used in any calculations by this

code. DROP, a subroutine called at MA.937, calculates the evap.-

oration rates of the liquid-fuel spray. This is followed by

STRIDE(2), which performs some preliminary calculations needed
prior to solving the equations. The remainder of MAIN is devoted
to printout with the exception of STRIDE(3) , called at MA.1195
which actually solves the finite difference equations.

Subroutine AUX has two parts; the first (throuqh AU.37)

calculates the effective viscosity from the two equation turbu-

lence model, while the second computes the source terms for each

equation.

As mentioned above, DROP calculates evaporation rates. Note

that the input data for the fuel nozzle is read at AUS.15. With
the location of a particular droplet established (AUS.42 to

AUS.68), properties of the fuel and free stream are determined
(AUS.76 to AUS.94). Some preliminaries are performed before

iterative loop AUS.I11 to AUS.151 is entered. Calculations are i

performed until the quessed value of the distance the droplet
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travels agrees with the calculated value. With this distance and

the droplet velocity known, the time step and evaporation rate

can be determined. The proper entries in the evaporation array

EVAP are then made at AUS.173 and AUS.190.

STRAD performs all calculations relative to the two-flux

radiation model. Modifications to the source terms due to the

presence of a wall are made at GA.130 to GA.136. The central dif-

ference coefficients are then computed and solved using the

standard tnl-diagonal algorithm.

WTEMP uses an energy balance on the wall to determine the

wall temperature. Cold-side convection, cold-side radiation,
hot-side radiation, and hot-side convection are calculated in

turn, and a Newton-Raphson iteration procedure is employed to

solve the resulting heat-flux equation. The cold-side velocity

and temperature are updated at each marching step, accounting for

the heat transferred to the annulus.

STRIDE performs the bulk of the numerical calculations and

has been documented in literature.

WF is used to evaluate the Couette-flow-equation solutions
and to obtain wall shear stress and other transfer data.

PLOTS is a line printer plot routine.

TRANSITION LINER MIXING MODEL

This computer code is derived from the 2-D parabolic GENMIX

program of S.V. Patankar and D.B. Spalding. The primary modi-
fications include the ability to have a varying step size across

the grid, since, for a given number of marching steps, the dis-

tance traveled along the outer-transition liner is considerably

greater than along the inner. Other modifications include the

addition of K-( viscosity modeýl.
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A computer code that could haidle all qeometrical confiqura-
tions would be greatly increas.)d in size; therefore, this deck
has been tailored to the qeometry of a reverse-flow annular-

combustor transition liner. Other configurations can be analyzed
if the proper modifications are made to the computer code.

The MAIN program (a computer Xisting has been provided in

Appendix E) handles several functions, including input, estab-
lishment of initial orofiles, logic for boundary conditions, call-

ing additional routines in sequence, and output. The initial

section of MAIN, through card MA.255, contains input and data

initialization coding. Note that the x and r values of the
boundaries are read at cards MA.64 and MA.65, but that the value

of Z, the actual marching direction, is computed at MA.74 and

MA.77. IS( IE and IPRNT perform the functions their names sui-

gest, determining which vatlabl.es are solved for and printed.
Various constants are initialized in the next few cards. MA.157
is of some significance since it is hare that the name list is
read, and finally the various profiles are read in and defined.
Starting at MA.256, the main marching loop begins with the calcu-
lation of pressure, temperature, and density (!*A.293 to MA.315).

STRIDE(l), called at MA.345, is a subroutine which extracts the
physical cross-stream dimension from the transformed cross-
stream variable, w. The forward step size is calculate6 in the

next section (MA.349 through MA.403), which was necessitated by

having a smaller step size at the inner boundary than the cuter,
plus some checks for specified z-locations. Next, the boundary

conditions are assigned (MA.406 to MA. 479), and since they are
always walls in the transition liner, only those appropriate sec-
tions are entered. The actual duct area is determined in section
MA.481 through MA.505, plus the area required by the flow.
Should these two not agree, compensation in the pressure gradient

for the next marching step will be made. The pressure gradient
is calculated between MA.507 and MA.598. Two methods are pro-
vided and are selected by IDPDX. When the value is 01, the pro-
gram use3 a guess-correcLion method (MA.539 through MA.543),
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whereas for a value of 02, the program immediately corrects tre
velccity and pressure fields (MA.521 through• MA.536). The pres-
sure gradient across the grid due to radius-of-curvature effects

is calculated at MA.579 and incorporated into the axial-pressure

gradient at MA.595. Statement MA.645 calls AUXO(O), which cal-

culates the effective viscosity from the K-E model. Since there

is no entrainment for the geometry employed, cards MA.646 through

MA.670 are bypassed. STRIDE(2), called at MA.673, performs some

preliminaries necessary prior to the equation solution. The rest

of MAIN is devoted to outputs of various types with the exception

beinq MA.902 where STRIDE(3) is called, solving the equations for

that marching step.

Subroutine AUX performs two functions, it calculates effec-

tive viscosity (up to AU.37) and the source terms for the equa-

tions (AU.38 on). Subroutine STRIDE performs the bulk of the

numerical calculations and has been heavily documented in liter-

ature. Subroutine WF is used to evaluate the Couette-layer-

equation solutions near a wall, to extract shear stress and other

transfer data needed in the solution of the equations, and

finally PLOTS is a line printer plot routine.

EMISSIONS MODEL

The emission model is a 2-.D parabolic proaramn

derived from the GENMIX deck of S.V. Patankar and D. B.

Spalding. The principal modifications include the addition of

a 16-step reaction scheme and the ability to handle cooling slots

and radial injection orifices.

The MAIN program (a computer listing has been provided in

Appendix F) is concerned with input, establishment of initial'

conditions, logic for boundary conditions calling other sub-

routines in sequence, and output. The coding is similar to that

already described for the liner-coolinq model; therefore, only
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those items unique to the emissions model will he diSCLISSed. TWO

additional input items, are (1) extra specio-i~nput profile-s are

J required (MA.213 to MA.217) , and (2) data describinq the coolin(i

slots and radial-injector orifices is read at MA.223 to MA.275.I To accompany the additional input, there is also logic for the
special boundaries, conditions associated with the cooi~inq slots

and radial injections MA.562 to MA.618 and MA.659 to MA.715,

respectively. When the program reaches the edge of a slot lip, a

free boundary is assumed until. the flow rate of the slot has been

entrained. A similar procedure is used for rad ial- in-jection

orifices where the boundary Is assumed to be a porous wall. All

the other subroutines perform the same functions as described in

the Liner-Cooling Model paragraph; however, an addi~tional, sub-

routine, AUXS, has been added which calculates the specie source

terms and writes themi on a scratch file. AUXS solves the same equa-

tions as STRIDE except that cross-stream convection and diffusion
are omitted. The equations are solved many times using a step

size considerably smaller than the main program. In this manner,

an estimation of the chanqe in the Specie vaIlue for the ilarqer

main program marching step is obtained from which an avoraqe

source term over the Interval can be calculated. This is then

used when the complete equations are solved in STRIDE.(3). TheI first section of AUXS (tip to AUS.68) performs data initialization
followed by the calculation of forward and backward rate con-

stants (AUS.70 to AUS.95). Trho main loop is entered noxt where

first the source terms and then the derivatives are Oetetmined.

Note that the rate expression for the ql~obal fuel. reaction con-1

tains the. effect of turbulence (AtIS.1.25) and that the kinetic'

source term contains a number of variables each raised to a

respective power (AUS.1.23 and AUS.124). Those powers, E~tl, 1.31,
ecare read in throuqh the name list in the MAIN program. A

step size, suich that the species values do not chanote Oxcen-

sivlyis then selected using the variables TFERMI An(, 11TERM2,
also part of the name list. U'xamination of AUJS.223 shows that

the maximum change allowed during the mairchinq step is the lartler



of TERM2 and 'TERM1 times the upstream specie value. The Equa-

tions are then solved and the process is repeated until a dis-

tance equal to the main program step size, DX, has been

traversed. ISMAX, which is also part of the name list in the MAIN

program, is a limit on the maximum number of these steps. The

average source term over the interval is then calculated and
stored on a scratch file for later use.

FUEL, INSERTION KOD,

ii

The function of the fuel-insertion model is to determine the

evaporation rates and trajectories of a fuel spray in a two-

dimensional flow field. Information concerning the fuel nozzle

and flow field are read in, and from these the proqram calculates

the fuel SMD and the trajectories. If desired, a plot of the

droplet paths can be made and the evaporation rates saved for use

in other programs.

TNJECTI (a computer listing has been provided in Avpendix C)

is the main program and controls input, output, and the other

subroutines. Up to INJ.67 several data statements initialize

some fuel and air properties needed in the evaporation calcula-

tions. Input data is read to INJ.119 followed by some prelimin-

ary calculations. Additional input is read at TNJ.I.87 to INJ.195
if a nonuniform flow field is specified. Calculations of SMD for

the particular fuel nozzle type selected begin at INJ.206 con-

tinuing to INJ.310. The next section entered (INJ.311 through

INJ.435) loops over the five droplet sizes, calculatinq, In turn,

their trajectories. The remainder of INJECTI provides output and

plotting. Subroiftine FEVAPC is used to save the evaporation

rates for later use, if desired, while AIRPRP interpolates the 2-

D nonuniform flow field to obtain the free-stream conditions.

Subroutine EVAP performs the majority of the calculations,

including the force balances on the droplet.s so that their

trajectories and the evaporation rates can he calculated.
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Each of the remaining routines provides some property of

the fuel or air required by the calculations.

7.
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IV. ILLUSTRATIONS

ANNULUS FLOW MODEL

Figure 8 shows the annulus-loss model example geometry. It

is a simple reverse-flow combuntor with inner- and outer-panel
cooling slots, plunged primary orifices and two dome inlets. For
the purposes of analysis, the annulus was divided into elements
denoted by the dashed lines. These divisions correspond to
places at which mass was extracted or where the annulus was of
irregular shape. The elements can be length-type for which skin-

friction losses and heat transfer, etc., are calculated or flow-
type for which mass extraction is calculated. Thus, the length
element Q is the annulus section between the inlet Q and

and flow elementr3nis the OD cooling slot.

Inspection of the input sheets, Figures 9 through 11, shows
that Card 1 contains the case title and specifies some control
parameters. The annulus-inlet conditions are specified on Card 2

along with the total number of elements used and the inlet-

element number. Card 3 is for internal liner flow only and is

omitted, whereas Card 4 specifies various constants. It now
remains to describe the plenum and liner shape and the various
orifices. This is done on the second input sheet with explan-
ations of the various items given in Figure 11. Since, for this

case, the flow spiit between the various orifices was known and
not the orifice size, the flow-element cards are of the fixed-
flow ratio type (FF). Had the orifice size been known instead,

the fixed diameter type (FD) should have been used. If the CD of

a particular orifice row is known, it may be specified as has

been done for flow elements 8 and 10. Even though these are

actually annular slots in the dome, the program will still cal-

culate an orifice diameter, which is, of course, meaninglessy
however, the effective and qeometric areas are also provided in

the output from which the correct annular-slot height can easily
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H go

TITLE - MUST HAVE FOR EACH CASE 11 14

I ANA/UI.(S LOSS M'ODEL EkAmPtf GEoMdGTI-.YI
ANNULUS INLET FLOW CARD

NEL NELI
1 34 5678 11 21 PTl 31 TTI 4 1 BETA sIDP/P 61 71

2 IoS 100oIi,. I.; &Io1-o. 120. 1.0-- 1--

DOME INLET FLOW CARD (REQUIRED FOR INTERNAL LINER FLOW ONLY)
NELl

12 678 11W 21 PT 31 TT 4 1 BETA 51 61 71

3 D - -- I-

CONSTANTS CARD

PRIC2BLKF TANS CDOB 5K .RG 7REAX
1. 11 21 31 41 51 61 7

4 -- 0. ..73 1.- . .' 1'77 .-3 -, o-

1 Title - Ru'n ident appears on printed output and plot
1 1 some (or all) holes fixed, inlet flow fixed,

ITE1A iterate to got pressure drop.
S- 2 some (or all) holes fixed, pressure drop fixed

iterate to get inlet flow (input Wl is first guess).

)u 0 no plot
I" 1 plot drawn

0 output printed after converged solution
IDBUG I. output printed after each iteration) Use only to do-

2 output printed after each element I bugg
non-convergence

2 3 NEL a total number of element StaLtons (card 2 only)
NELl element ID no. (NELEM) at annulu• or dome inlet 2 and

3
W and W - air flow at inlet stations, lbisec
P~r and PT - inlet total pressure, PSIA

TT and TT -- inlet total temperature, R
Betal, Beta = swirl angle at inlet

P,P .total pressure drop, PSIA, PSIA (first guess if ITER * 1)

card 2 only

4 0 o, smooth wal.l friction factor
FZRIC -I, no wall friction

roughness factor for rough walls
BLKF - annulus effective area factor (- .83 for fully developed

turbine flow)
TANS - tangent of flow separation spread angle (.1 recommended)

Figure 9. Annulus Loss Model Input Sheet (Sheet I of 2)
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CDB = drag coefficient of struts across annulus (1--1.2 RECM)SK a ratio of air specific heats,
RG - air gas constant

m 0. for reverse flow annular or can combustorm
IREAX n.. for axial flow annular. First data met is for OD

panel. Program expects a second met for ID panel

CASE TERMINATION

After last card of case:

o In Column 1, Column 2 blank - came repeated with changes,
next card in title card followed by cards with changes
from previous run.

co In Columns I and 2, next card is EOF to quit or new title
card followed by all cards for complete new case.

Figure 9. Annulus Lose Model Input Sheet (Sheet 2 of 2)
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XP IP LL . . R CL.. N•..... .. -B

• ,ix ' ' . x- ,.LL. .... ...___ 7•

10 InIYl_ __ -W

15 !L" 00.o, 1o. 1. _160 - -

a L o 06. 1 , 1 I1 . F. .!... .. I?6 ,

301F F 00 1 .15 I.o , ,0 .

3 E oat I Ir $ 36, 2.0•°

I9 F -0. .- 1.0

OIL 061 ..1.

0 0 10 -2 -. Z

13 r, _ _ --I 1 3 . .

1.1

20

23
24

30

: I 31

" ! :33

34
35
36

31

4 0

Figure 10. Sample Work Sheet for Program 117.
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ALL NUMBERS MUST HhV-tEECIMAr. POINTS

t 0 i X_ RP XL RL CL T LINER ILK I DB, I
L ! 0 0 2 XI RP XL RL CL T LINhR SLK 1 1) SK I

L C 0 0 3 SP _____ XL Ri CL T RISE .. ..

FF0 0 4 W/Wl N HOLES NHTY1' CD -D -- --

F DiO 5 /.Wl N HOLES uNHYP Co 0 HLES I SEP -

FOWD 01 W/Wl .. ... .. zSuP .. ..

FLI020 -_W/'INJ/W IVJET IAtfW JADETA 11 ISEP I-

=XENRT APECIF4CA?,10

Flow peonage is divided into length (L) &sd flow (F) elements, element numbers, NEL1aM
can be in arbitrary order, I.e., LO, 1, 3. 4, 16, 30. The cards are stacked in order
from inlet to last P because numbers ate arbitrary, a now element can be inserted without
ranumbaring ot.her cards.a

L. ELEMENTS All Dimensions in inche@
FirsIt L card in annulus inlet (CL - 0) - ror ',4otlh external and int~ernal ca111.
Intarnal and external flow oases must be run

iuparately P ' 0, ItRAInt

ror internal canes, Ind card in dime inlet (LI) and IINI i8 CA0,
LC cards are used with T RISlE - 4T due to oombustion
in this element (no L cards)

For oxternAl cases use only L Cards PIU
XL, XP - X l'RD to and of element L - Liner
RL, RP - Radius to and ot element P - Plenum 0 -N
(For Internal flow XP, RP - 00, XL. RL , ID)CL - Length of a lament (optional) p,/ ipaTLIN Mean Wall p. ove CL. 'R

If - 0 then TLIN -TTI 60MOUIN ONIGIN AL,
BLKI rnaSrt IIN6

ODWI Width of -trut.

F, 01•!(,cr. FLOW ELEIS1'r 
xp

t' ,*ards.are Inserted between L cards at points where flow is extracted. Flow conditions
ioto r Qlom. le. those fom upstream t. alem,

'ypeAls Flow ralLo, W/1.
ri - Fixed Orf. Diam. (WiW' , im First ouess)
rF!lod flow (not inct•ided in liner flow)
F: internal flow cslm. (input to thvvi elements it ohtiinud from an exturnal

flow tolution)

WWI . orifice Flow/Inlat I'lo,
NI-OLES - No. of orifices
14IMTP - Hole upe (For' CD) FLOW ILL•IVIN

1. a Hole. Thin wall
2. Plunged HOle r A1ID S3. Cooling skiLrt 41 Lf 003 L4 ssI Ll.-

S CD Inputfo Eeet Cad

00 - DISCH Coefficient (NlHTYP - 5 Only) "WWI *WW• I ""
DHOLES -o1o0 Liam. (For rD only)
I SEP 1 , Separat~ion ill Reattý,tched
VJET -Jet Injection Velocity, FPS
ANO,7 Jet Injection Angle, Dog.
ABUTA -Swirl Angle in Annulus outside FT Elam.

Figure 11. Program 117 Input Data Sheet
Input Format for Element Cards

Sheet 2.
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be obtained. Other irregular shaped orifices, such as slotted-

dilution holes, for example, can be handled in a similar manner.

Card deck termination is specified by the douhle periods.

The output of the program is shown in Figures 12 through 14.

Figure 12 is merely a printout of the input data. Figure 13 gives

information of conditions in the annulus at the various stations

the user has specified. Figure 14 has information regarding the

orifices. Note that the program has calculated orifice-hole

diameters and that the flow split is the same as was specified in

the input. Overall output parameters such as pressure drop, cor-
rected flow, etc., are also given. The numbers under the headinq
INPUT FOR SUB BOXES- are associated with the plot subroutine.

COMBUSTOR PERFORMANCE MODEL

The combustor geometry for the 3-D combustor-performance

model example is shown in Figure 15. The reverse-flow annular
liner has been divided into a grid network consisting of 30 nodes
in the axial or X direction, 19 nodes in the radial or y direc-

tion, and 13 nodes in the tangential or t directions. The

decision of how large a 0 segment to analyze is depending upon
where radial planes of symmetry can be found, since the program

assumes that there are cyclic boundary conditions in the 0 direc-

tion. Therefore, any mass leavinq the system along the K-13

plane is assumed to reenter the system through the K m 1 plane and

vice versa. For this example, uniform grid spacing has been

used, although this is obviously not required.

The completed input sheets for the case are shown in Figure

16. Additional input information can be found on the input sheet
forms located in Appendix A. Cards 1 and 2 are titles used for

printout and case identification. The grid size (30 by 19 by 13)

has been entered on Card 3 along with indicators for axisymmetric

geometry, K-e viscosity model, kinetic and turbulence controlled
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22 VARIABLE TITLE CARDS (4A10) SAME ORDER AS IMPRINT'.1. .. .1 Ii

CASE T'ITLE CARD (8A10)

2 1356I epoamm~ds moo L exATLE Z;F-.

LP1 MPJ LP3. IPLAX MODEL MODER IPAR ITRAD

:3130 17T 15 102. 1 12- __ 02-_ 1z.2

It) MODENI~ NT1APE IDW IRES

4 10. 102- 0 101 100 1

ISOLVE (8(12, 8X))

U V W P' KE i© XFU
.5 lot lot 01 l I01 lot 1O0

M CO ' FX FY FZ

ICTD.MA (8(12, 8X))

U v w P' KE MIbl 1.
6 101 101 10 0(. 101 101 10 1l0

MCO

IMPRIV•r (8(12, 8X)) K
v O VW PRESS KE -tm 0 MFU :

7 [0( . Io 104. Io• 1o0, 10 4 104 1,,0 (b
I

Figure 16. 3-D Combustor Performance Model (1 o0 6)
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TEMP Favg Fx Fy Fz MCO MH20

o0o- I°(. I°(" 0C I I

M02 MC02 MN2 UEFF DENSITY EVAP

Ior. I0(. 1'° 1

RELAXATION PARAMETERS (8E10.4)

U V W P1 KE I MFU

8 I. ..I I-P I."I

MCO f Fx Fy Fz PRESS DENSITY VISCOS
..8I IjI I. I."2. •

LAMINAR PRANDTL NUMBERS (8E10.4)
U V W P1' KE 1 © MFU

MCD

.7 .7
TURBULENT PRAN.DTL NUMBERS (BE10.4)

U V W P' KE C I MFU

S~MCO

X1R0. I.-I. (.E1.4-1.7

11-0 11.1 11.2 11. 1 1

Figure 16. 3-D Combustor Performance Model (2 of 6)
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r

.4 1J.7 /. I. 1.2o T.21 1-.2.1 13.. I
2. f IS 2.4, 2.7 2 .,? .

RI Y-COORDINATES (.-MP) (BE13o.4)
12 110. 4. 4- I. - ..

;• ~ .7 1.0 /J./ I / _ I1. !(,50I .

Z-COORDINATES (I-NP1) (8E10.4)

13 . I. 2 . 3. 4.. C.. 7.

I

IWEI JW1O (2(12,8X))

1.4 102.I

IWLI VALUES (8(12 ,8X)) (SKIP 1.5 AND 3.6 IF IWEI -2)

15 I

Figure 16. 3-D Combustor Performance Model (3 of 6)
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JWLO VALUES (8(12, SX))

PRESS DEN ABSOR SCATR AKFAC ALFAC (SE2.0.4)
217 1.01 0/ ,o 1.02.

I'CX HY HFU FUMCO (SEIO.4)

PREXPI ARCON1 CR1 PREXP2 ARCON2 -CR2 (BE12..4)

1.9 70E+', 0,oo 13.0 14.0e+102coo. 4*.o I

(BE 1.0*4)

Cl. C2 CD AMU ERROR TCYLW TINLW TLIP

20 i).43 If.?2. 1.0? M S-S J.0 040 11, =6. .0.

W213, 7X), 6 (12, 8X)
LASTEP IJUMP JSWI. JSW2 N4UINJ NVIbNJ

22.1 JIS0 ¶? 02. 103 102. 104 1

USw VSW SWNO AFSW FSW TSW (8EI0.4)

22 *00,. -- 1 0. _0.0213310.0 1104 1

NFNZ ISPRAY TFUEL

23 ol I4-

Xo YO ZO ALFA BETA DELTA THETA I. THETA 2
24 OT0 I.? I(oIC I-o 00 a 3.0

RSP WF SMD VFUEL (SKIP 24 IF NFNZ =00)

JO. Oolo(.73o. aq 7

Figure 16. 3-D Combustor Performance Model (4 of 6)
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(SKIP CARDS 25 - 30 IF NUINJ 00)

I - LOCATION OF COOLING SLOTS (8(12, 8X))

25 117 117 1 1

J - LOCATION OF COOLING SLOTS (8(12, 8X))

26 102- lit I

AXIAL SLOT VELOCITY (SE10.4)
27 11610. 11 So. I

TANG. SLOT VELOCITY (8E10.4)

28 0, 1. .I

SLOT FLOW RATE (8E10.4)

29 Ioor i0oor I

SLOT TE1PERATURE (SE•0.4)

30 I0o•0, 1c10, 1

(SKIP CARDS 31- 38 IF NVINJ - 00)
I - LOCATION OF RADIAL INJECTION (8(12.SX))

31 io0 i 10 111. 1

J - LOCATION OF RADIAL INJECTION (8(12, 8X))

32 1,01 ,01 I0 It? It I

K - LOCATION OF RADIAL INJECTION (8 (2, 8X))10 I7 10'? 1o7 I1'0I 7 . 1'7 1

INJECTION VELOCITY (8E1-0.4)

34 [-00, dAo. 400. I-•'O, -40oo. -1o00. 1

Figure 16. 3-D Combustor Performance Model (5 of 6)
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INJECTION TURBULENT KINETIC ENERGY (8E10.4)

35 1490. 1*i-ro. 4.~ to I1. 8. 14 ao. 4

INJECTION TURBULENT LENGTH SCALE (8E10.4)
36 .oo*- 1. oos 1 oooS - 0S "oo 0S 0 oooS

INJECTION FLOW RATE (8E10.4)

37 ,o,.2.,. o. *oo . .... .

INJECTION TEMPERATURE (BE10.4)

38 11060, 110 1/040o 1/060. 1040 1 Io6o. 1 7,

* .4

Figure 16. 3-D Comibustor Performance Model (6 of 6)
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combustion, relative pressure, and radiation to be included,

respectively. The use of relative pressure, rather than absolute

pressure, merely means that the pressure field is referenced to

one particular grid node by subtracting that pressure value from

the entire field. On Card 4, the user-selected-input units have

been specified. The particular units employed are combinations

of convenient ones and are specified by data statements in the

main program, at lines MA.9 to MA.lI. The user should redefine

the arrays for his own input units or use S.I. by specifying IU =

01. Specifying the perfect gas-density calculation, not printing

the initial values, the inner boundary as a wall and that this is Is
not a restart, complete the information on Card 4. In order to

restart a case, Tape 8 must be saved from the previous run and he

made available to the program. Card 5 indicates that all the

variables are to be solved. P' is the pressure oerturbation used

in the solution alqorithm, h is stagnation enthalpy, and Fx, F ,v
and Fz are the three radiation fluxes. Card 6 shows that all the

variables will receive one sweep of the solution routine per

iteration except P', which will have six. The solution of the

equations in early iterations is not exact, but this does not

present a problem since the coefficients are changing from itera-

tion to iteration anyway. However, it is beneficial to the con-

vergence rate to obtain a more accurate solution to the P' equa-

tion. The variables to be printed are specified on Card 7. The

06 merely indicates that every 6th '<-plane will be orinted. The

relaxation parameters specified on Card 8 have been used suc-

cessfullv on a wide range of problems and probably need not be

altered. The Prandtl numbers and coordinates, Cards 9 throuLqh
13, are fairly st If explanatory except that the first field, Card

12, is the radius of the inner boundary and that values of y(2) to

y(MPL) are measured from that line. Cards 14 through 16 are used

to specify an inclined wall at the inlet. Since there is none for

this case, the values of IWEI and JWIO are set equal to 2 and MPI

(i.e., L9) respectively, and Cards 15 and 16 are omitted. Were

there an inclined wall, Fiqure 17 1,ives the necessary information
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zI

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

19- ACTUALAL

--~ -SIMULATED

"1617/r' WALL

16 -IWEI - 08,
14 JWIO a 09

13 IWLI - 3,3,3,
12 6-,5,5,68,8,8,8
11 i

10 JWLO - 9,9,12,12,
9 .- - 16,16,19,19

THE ACTUAL WALL IS SIMULATED BY STAIRSTEPS ALONG THE MIDPOINTS BETWEEN

NODES. JWIQ IS THE J-NODE WHERE THE INCLINED WALL STARTS, i.Le09, AND IWEI IS
THE I-NODE WHERE THE INCLINED WALL ENDS, i..,08. IWLI IS THE 1ST I-NODE INSIDE
THE SIMULATED WALL AT A PARTICULAR J-LOCATION. ELEVEN VALUES ARE RE-
QUIRED SINCE THIS IS THE NUMBER OF J.NODES INCLUDED IN THE INCLINED WALL,

J - 9 -19, AND ARE MARKED BY+- JWLO IS THE 1ST J-NODE OUTSIDE THE SIMULATED
WALL AT A PARTICULAR I-LOCATION. EIGHT VALUES ARE REQUIRED SINCE THIS IS

THE NUMBER OF I-NODES INCLUDED IN THE INCLINED WALL, 1- 1.8, AND ARE

MARKED BY

Figure 17. Information Necessary to Describe an Inclined Wall.
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required to describe it. Cards 17 through 20 need no further

explanation other than that given in input sheet forms. A total
of 150 iteration steps, along with no intermediate orintout, have

been specified in the first two fields of Card 21. The basic pro-
gram contains provisions for only one dome inlet, specified by

JGWl and JSW2; however, the example problem has two. The second

inlet was handled by internal modifications to the program in the

Subroutine ALLMOD, a process required on nearly every combustor

analyzed, as a code which makes provisions for all possible con-
figurations would be extremely complex and lengthy. Note that
each primary orifice is simulated by three nodes, making the
total of radial-injection points equal to six. Inlet conditions

for the dome are provided on Card 22, while Cards 23 and 24

describe the fuel nozzle. A back angle (1)) of zero would have the

nozzle spraying in a purely tangential and in an increasing 0

direction. Positive 8 would have the spray cone rotated toward

the domet therefore, a value of -.90 degrees has the spray cone

directed axially along the combustor as is required. Zero down

angle (8) was needed for this example. A positive value would,

however, rotate the spray cone toward the inner wall. For qeom-

etries that have the entire spray cone in the calculation domain,

such as this annular one, THETA1 and THETA2 never change from 0

and 360 degrees or their equivalent in whatever angular input

units are selected. Cards 25 through 30 are used to describe the

Scooling slots, of which two were specified (NUINJ = 2 on Card 21).
Note that even though the slots surround I-node 16, the I loca-

tion is specified as one greater (or 17) due to internal conven-

iences in the program. Similarly, Cards 31 through 38 specify

the radial injection points. Due to the sign convention on V-

velocity (positive is in the positive y-direction), injection

points on the outer wall have a negative V-velocity component, as

shown on the last three fields of Card 34.
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The output of the 3-D model is illustrated in Figure 18 (7

sheets). Sheet I is a printout of some input data, including

fuel and air flow rates, injection velocities, and other impor-

tant quantities. Note that the output units here are S.I.
Sheets 2 and 3 show the u-velocities at 0 - 6 deg (in line with

the primary holes) after 150 iterations. The total error in

mass, i.e., the sum of the mass error in all the grid cells, was

1.5 percent of the total flow, which was deemed accurate enouqh
for this example. The two dome inlets J = 2-3 and J a 17-18 can
be seen at I a 2. The u-velocities are calculated for slightly
different control volumes than the other variables. The U-

velocity printed at I - 8, for example is actually the U-velocity

that occurs at the cell boundary between I = 7 and I - 8. This
displacement results in the inlet U-velocity being stored at I
2 rather than I = 1. A small recirculation zone exists behind the

dome and is terminated by the primary orifices at I - 10, 11, and

12. Small recirculation regions are also evident behind each jet
at 1 14, while the presence of the two cooling slots can be seen
at 1 - 16 and 17. Sheets 3 and 4 of Figure 18 show the fuel mass

fractions for the same 0 plane. The figure also shows the

extremely rich regions just behind the dome at I - 2-4 near the

fuel nozzle. By the time the exit plane is reached, some

unburned fuel still remains. Temperature is shown in Sheets 5

and 6. The fuel-rich region behind the dome (seen in Fiqure 15)

exists at a relatively low temperature as the amount of oxyqen is
very limited. Farther down the combustor where the primary jets

have recirculated (I a 6,7) one sees temperatures closer to

stoichiometric. The primary jets penetrate to the combustor cen-

terline as evidenced by the temperature profile at I a 12. These

jets produce a colder core with hot reqions on either side that

extend well past the cooling slots at I a 16. These slots provide

a cool film that extends to the exit of the combustor. Sheets 6
and 7 show the evaporation rate of liquid fuel. One can clearly

see the two sides of the spray cone and that some fuel is impinq-

inq on the wall at I 9. Practically all the fuel has evaporated
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by I ' wi th ai few hieqr('l dropi etl pt' perni nt ink) ait I - '.I(, wheret

they entere'd t cr om lit ithbolr i 11( l-pI ~iflOes

LINlER-COOLING MP~.

The lin'r-cool intl model. wms uned to predict: thet wMlA tomper-

j atUres downstream of the cool inq nlots in the conthit~or shown ill
F~igure 15. ~~t i n wi th thlt-: prof I Ies at the ex it. of the ntlot , n"i

pred icted by the I-fl perftormaince model, the protir mi mArched tip to

the beqiinnintj of the tra~nsit~ion liner. At vach nuirchinq step,

the protqr-m performed a heat-fltix Kilance nit the will an d

thereby, obtained thet wall tempermlture.

T'he i nput uenitsn, requIired by teit, lner'-cool I nq model , A re

S. 1., and n ince thent, nre tile output. unitti of the 3-I) performa"nce
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tempvrat~ure', turbtilent. kinvtic enert-ly , turbul onct, lentoth nonle,
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i liformat fion "About. the tflow condi tionn in the' inner anrd ouiter
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NAMEL LIST

4F2A F2D TA wal 03E10.4)

jo~o1 IsC 5"s~. Is?

NIN - (2

Y' VALULS (SE1lo.4)

121

U VALUE~S (BE3f0 4)

1-3

(81- .4)

:1 'TEMPERAT'URE~ VALLIES (BE10.4)

151

* PHI VALUE)S (BE10.C .4)

171
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MCO VALUES (8EI0.4)

TUFRBULENT KINETIC ENERGY (8EL0.4)

TURBULENCE LENGTH SCALE (BE10.4)

VELAI VELAO TANI TAN 0 PRI PR 0  (8E10.4)

(12, SX, 7E10.4)

NFNZ XDP YDP UF VF SMD WF TFUEL

22 100

Figure 19, Liner Cooling Model Input Sheet (3 of 3)
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0.03937 meter and proceed to 0.073 mLter, using a step si.e ot I
0.02 times the grid heig-It. In order to obtain the best estima-

tion of the radiation flux, it is necessary to analyze the entire

channel height, which means the inner and outer boundaries are

walls. XEND and XouTr are, therefore, set to some large number.

The variable POWER is used to distort the grid, since more nodes

are required near the wall whose temperature is being predicted.

This means, of course, that two runs must be made, ont- with the

grid nodes concentrated near the outer wall (POWER e-I.0), and

one with the nodes concentrated near the inner wall (POWER >1.0).
If POWER equals 1.0 or -1.0, the resulting grid Would be uniform A:

in y.

Two straight walls require only two boundary point specifi- 1

cations, handled by Cards 5 and 6. The three radii specified on

Card 7 are also easily understood. The name list is read next

with the variables specified explained in the name list input

sheet. The values on Cards 9 and 10 pertain to the free bound-

aries, which are not used on this programl however, entries are

tade for completeness. Cards 11 through 20 specify the initial
profiles. Tile 19 points used correspond to thle 19 radial nodes

used by the 3-D performance model and are listed in Table 1. For
this example the 3-D output was strictly used1 however, it is

usually the practice to combine tile 3-D profiles with some addi-

tional information, it available, describing the profiles inside

the slot lip. Card 21 lists data concerning the annulus flow

conditions and dimensions while Card 22 is blank due to the

absence of liquid fuel.

The output from the program is shown in Figure 20 (3

sheets) . Sheet I begins with the titles, some control indices,

and the values of omega for the transformed cross-stream vari-

able. Information about the annuli is printed next along with
ithe initial profilea. *The printing of the variable ar rays starts

with the value at the inner boundary and continues outward.
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Since y is always referenced from the inner houndary, y(l)

is always zero, so the radius of the inner boundary is printed in

its place. It car also be seen that the v values are more closely

spaced near the inner boundary, since this was the wall tempera-

ture that was calculated during this run. Sheets 2 and 3 of

Figure 20 show a printout after 80 marching steps as indicated by

ISTEP. The program ha• traversed to an X-location (XU) of 0.0706

meter, which is very near the end of the combustor. At this posi-

tion the inner-wall temperature is 9580K. The other profiles are

also printed with KE being the turbulent kinetic energy, LEN the

turbulence lenqth scale, PHI the total fuel, RAD the radiation-

composite flux, and AMU(I) the effective viscosity. It should be

noted that the boundary values of the radiation-composite flux

are never used and are therefore left at their initial values.

TRANSITION MIXING MODEL

The 3-D performance model was used to predict the flow field

up to the end of the combustor liner (Figure 15) , but it is not

capable of handling the qeometric configuration of the transition

liner. For that, the transition-mixinq model (TMM) is used.

Using initial profiles as predicted by the 3-D program, the TMM

marches through the transition liner, thereby predicting the tem-

perature distribution at what would be the turbine-stator inlet.

I

An enlarged drawing of the ttansition liner is shown in

Figure 21. The inlet and exit planes are marked alona with

several intermediate ones. The location of these is a matter of

user choice, but should be enouqh to simulate the actual liner-

wall geometry. The radius of curvature is constant. In this

case it is 0.5 inch for the inner wall and 1.9 inches for the

outer %vdll. The input sheets are shown in Figure 22 (3 sheets).

(Additional input information can he found in the input sheet

forms located in Appendix A.) Card 1 is allocated to case iden-

tification. Card 2 shows that 40 cross-stream intervals are se-

lected alonq with axisymmetric geometry, K-e viscosity model, and

108
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Figure 21. Transition Mixing Example Geometry.
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CASE TITLE CARD (12A6)

CASE TITLE CARD (12A6)
K(PLAWL91:

(8(12, 8X))
N KRAD MASSTR ISWRL MODEL INERT IFLUX ITEMP

2 1+0 1I0 00 1 oo lol- Iof 1o _z I 1d

NSTAT t;PROF NPLOT ITEST LASTEP (5(15, 5X))

(BE10.4} 4

ZUI ZUE ZULAST FRA ZEND ZOUT PRESS POWER
4 j,0 ,o73,. j.2 3/"4 1.02- 1.0. 10. "t IT /

NBP ICt3RV NRCVI NRCVE (8I~SX))

(8E10.4)
RI1  X11  RI 2  X12  RI3  XI3  RI 4  X14

6

(8E10.4)
RE XE RE XE RE XE RE XE

1 X 1  2 2 3 X 3  E4  X 4 6..

CeE10.4)

ZI RCVI 1  ZI 2  RCVI 2  ZIz RCVI 3  ZI RCVI 4 .. i

Figure 22. Transition Mixing Model Input Sheet (1 of 3)
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(8F10.4)
ZE RCVE ZE RCVE ZE RCVE ZE RCVE

1. 1. 2 2 44"

RA RD RD (SE10.4)
8 10. I.2'#.• 2l 721 •l 1

NAMELI ST

9 J$INPUT jI j<C)' ".I

UA UD (8E10.4)10 10o(- ..

F2A F2D TA TD Twall (8E10.4)

Y VALUES (8E10 .4)
13

U VALUEWS (SE10.4)

14

TEMPERATURE VALUE-S (BEf10 .4)

16

Figure 22. Transition Mixing Model InpUt Sheet (2 of 3)
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I I
1.7

is1

19 -

7TURBULEJNT KINETIC F~NnRGY (BE 10. 4)

20

TURBULENCE LENGTH SCALE (BE10.4)

21.

Ftqurv 22. Transition Mixinq Mndel Input Sheet (3 or 1)
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non it-toth uma 1 flow. car( I ( i 1 1 llW~ rift~t0 e v-it abl e
prIo t i I e.n a t ver v '10 11 --'1 ct i niq 'A t i." T o P ie n fit ia I ntdc I il 1 I

VjI tio ",kit Z ,11(11 thev ma r chi nci d i ItecIt i on a re p1) aced on Ca rd 4 a .1onq
with the control on stop size. Since thv boundaries are always

wallsi, ?.OUT and VE.ND) are set to it larqle number while POWER equal
to 1.0 forces the inittil qirti to be uniform in y. POWER > 1. 0
will distributv mote nodes near the Inner wall while 0 < POWFIR

<1.0 will distort, the qrid toward thlt' outer wall. Next, the nom-
her of boundary piontn and number otf rad i is-of -cur vat Lre points

are specified separated by a flaq to indicat~e that radius-of-

curvature ef fectsi nre to he Included. Card set. 6 and 7 reads the

actual bouindary and curvature values which are . isted in TableC. 2.

The valtins listed are in inches and had to be converted to meters

n1ince the 'VMM requires. 8.1. units. The, initial and final values

of rad~iun-of-c-urvture were juat chonen to he a 1.arqle (1000mn)
number. Cards 0Ind 9 irp quite obvlowis with the rname-I ist vari-

ables I istod With) the Inlput forms. cards 10 and 11. deal with
"free" boundar ios, which are not used f'or this protqram, no the

vaue lsedar nl frconp~let~enoss. Cr12indicaten that

19 points onl the input initial proftle were tined and correspond '
to the 1.9 radial nodes emplocyed by the 3-11 oroq~ram. T1he varilous
Profiles are read on Cards 13 to 21 and are listed in Ta~ble 3.

These profiles are, merely the exit plane pirof ilee for tP - 6
d(Iereetl (In I Ine wi ti the pr imary or if it-on) an obtained from tho

.1-1) output .

The output of the 1l'mms I in ilut ra tetd in F~iqlre 221 (4

sheets) . It bvqinit with a I hit (if control indices and important
quantities followed by to, the t-rinnformed cr-oss-stream var inble.
The flpev(fI ed boundary valuen of X ind R for the inner andi outier

wall alonq wi th the value of V., the dialtance alo(nq the wal I , are
I Inted next . Fol I Iow inq t h ese a r t the values of' rad Iun -of-

curvnture and the initial prof ilen. * Pi~nt inc of, the varimble

ar lAys starts with thet val ue at the inneri boundary and cold Itintles
cut-ward . S ince' V is alwaysi referenced from the inner boundary ,



TABLE 2. TRANSITION MIXING MODEL GEOMETRY INPUT. p

Point XI RI XE RE

1 0.0 10.0 0.0 11.8

2 2.9 10.0 2.9 11.8

3 3.01 9.99 3.37 11.73

4 3.10 9.96 3.80 11.56
5 3.26 9.85 4.45 10.98

6 3.37 9.68 4.76 10.20

7 3.40 9.50 4.75 9.50
8 3.37 9.30 4.45 8.79

9 3.26 9.14 4.02 8.38

10 3.10 9.04 3.51 8.10

11 2.90 9.00 2.90 8.00

12 2.60 9.00 2.60 8.00

Point ZI RCVI ZE RCVE

1 0.0 39370.0 0.0 39370.0

2 2.9 39370.0 2.9 39370.0

3 3.01 0.5 3.37 1.9
4 4.27 0.5 8.19 1.9

5 4.47 39370.0 8.81 39370.0

6 4.77 39370.0 9.11 39370.0
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TABLE 3. INITIAL PROFILES (SI UNITS) FOR TRANSITION MIXING

EXAMPLE

Node r u KE im Temp.

19 0.04572 32.6 15.6 5.86E-4 879

18 0.04318 32.6 15.6 5.86E-4 879

17 0.04064 22.8 18.0 6.03E-4 1310

16 0.03810 26.3 27.0 6.16E-4 1470

15 0.03556 29.2 30.3 6.50E-4 1530

14 0.03302 30.7 30.6 6.64E-4 1560

13 0.03048 31.7 29.6 6.65E-4 1570

12 0.02794 33.0 28.7 6.59E-4 1560

11 -.02540 A4.6 29.9 6.42E-4 1530

10 0.02286 37.0 61.8 4.65E-4 1470

9 0.02032 34.5 42.9 6.24E-4 1550

8 0.01778 30.6 27.0 6.58E-4 1660

7 0.01524 28.7 26.4 6.57E-4 1700

6 0.01270 27.4 27.8 6.59E-4 1720

5 0.01016 25.9 28.3 6.49E-4 1690

4 0.00762 23.6 25.3 6.21E-4 1570

3 0.00508 21.6 20.4 6.10E-4 1370

2 0.00254 33.5 16.4 5.88E-4 879

1 0.00000 33.5 16.4 5.88E.4 879

K "7
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Y(l) is always zero; therefore, the radius of the inner boundary

is printed instead. Note that the pressure variation across the

grid (PRESS) is ehsentially zero due tc the large values of

radius-of-curvature (RCVI, RCVE) specified at the inlet plane.

Sheets 2 and 3 of Figure 23 show the printout after 160 marchinq

steps. Along the outer boundary, the program has marched to

0.1639 meter (ZUE), but the inner boundary is only to 0.09497

meter (ZUX). At this point, there exists a considerable radial

Y pressure gradient with the inner wall at 744 N/r 2 lower pressure

than the outer. In addition, the velocity profile io distorted

so that the maximum is very near the inner wall. Sheets 3 and 4
Iof Figure 23 show the output at the exit plane. The radial-

pressure gradient disappears as the radius-of-curvature effects

are no longer present. A plot of velocity and temperature is

also made. The top line of the plot corresponds to the inner

boundary while the bottom line Is the outer. However, it must be

remembered that the inner boundary here is located at what would

be the stator-blade tip and the outer at what would be the blade

root.

EMISSION MODEL

The calculation domain that would be used by the emission

model to predict the emission output of the example combustor is

illustrated in Figure 24. Startinq with the initial vrofiles

near the dome, the program marches using the recirculation zone

as the inner boundary. The mass and specie concentrations in the

recirculation zone can be estimated or calculated by several

methods, and this provides an entrainment rate and boundary con-

ditions. Once the centerline of the combustor is reached, the

inner boundary switches to an axis of symmetry. Cooling slots

and radial-injection points can be handled without stopping the

marchinq process. To input the information necessary to perform

the above calculation would be quite lengthy and illustrates

nothing about the emission proqram. Usually, the boundary alonq
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the recirculation zone must be handled in a manner that rercuires

internal modifications to tho proqram nimilar to the Cards MA.528

through MA.743 that are unique to each case analyzed. Therefore,

for the example case (Figure 25) the program is started at the

downstream edge of the coolinq-slot lip and marched to the exit

of the liner.

As illustrated in Figure 25, card set 1 is available for

case identification. Card 2 specifies 30 cross-stream intervals,

axisymmetric geometry, species, two-equation turbulence model,

reaction and nonisothermal conditions, while Card 3 produces a

profile printout at every 40 marching steps. The initial and

final x locations are read on Card 4 and have units of meters,

since all the units of the emission model are q.I. The step size

was chosen to be small as is necessary with the 16-step kinetic

scheme. Since the boundaries are always walls, XOUT AND XEND are

set to a large number. A value of POWER equal. to 1.0 provides an

initial grid that is uniform in y. POWER >1.0 places more nodes

near the inner boundary while POWER <-1.0 places more nodes near

the outer boundary. Since both walls are straight, only two

boundary points are needed, Cards 5 and 6. Cards 7 and 8 define

the initial grid, inner and outer radii, and the name-list ouan-

ities. Cards 9 and 10 deal with quantities at free boundaries,

which are not used, so the data is included only for complete-

ness. The initial profiles are the same as those used in the

wall-cooling model example. Nineteen points are used and corre-
spond to the 19 radial nodes used in the 3-D performance model.

Three additional profiles, listed in Table 4, are needed for the

16-step-reaction scheme. Since for this case there are no cool-

ing slots or radial injections, the remaining Cards, 24 through

51, are omitted.
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CASE TiTLE CARD (12A6)

I gF4&.~ Mo~il-~ ML

CASE TITLE CARD (12A6)

I KPLA04ad 7

(8(12, 8X))
N KRAD MASSTR ISWRL MODEL INERT IFLUX ITEMP

2 30 101 101 100 00. 00

NSTAT NPROF NPLOT ITEST LASTEP (5(IS, 5X))

3 I 7 o o o 4 o 91,? 1II

XU XJLAST FRA XEND XOLT, PRESS POWER (8E10.4)

jINBP 

(12)

4 1o * 3 .o1 .1 10 10 ic 1s (12

5 102.

x RI RE X RI RE X RI

RE•" X , RI4  R 4 X S R •r R • ... * (8E10.4)
3 14 1 *42 2

R.A RB RD (BE1O.4

; I[1I

7 0 1.2S4 1,2772

Fiqure 25. Emissions Mode~l Input Shoot (I of 4)
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NAMELIST
8;INPUT REAr) D- ,PfI c~ ~2. r 0 iEol 000.

C~e~!.~ c i~%.y.I. l',EH20O 0) -

UA UD VTA VTD (8E10.4)

910 10 10

F2A F2D TA TD TW4,11 (8EIO..4)

NX N NLTI NUE NVI NVE (2, SX))

Y VALUES (SEIO.4)

U VALUES (852.0.4)

13

14 VG VALUES 
(8510.4)

TEMPERATURE VALUES (SE10.4)

is

MFU VALUES (8&10.4)

16

2C VALUES (E04

173

Figure 25. Emiissions model input Sheet (2 of 4)

124



MCO VALUES (BE10.4)

MOX VALUES (8E10.4)

20 0 VALUES (SE1O.4)

MH VALUES (BE10.4)

21 S

TURBULENT KINETIC ENERGY (SE10.4)

22 *

23 TURBULENCE LENGTH SCALE (8E10.4)

SKIP FOLLOWING CARD SET IF NUI , 0

X - LOC. OF INTERNAL COOLING SLOTS (SE10.4)

LIP LENGTH OF INTERNAL COOLING SLOTS (8E10.4)

2 5 1 . .. ..

S I I COOLING SLOTS (E1.4)

VT -VEOCITY OF INTRNAL COOLINd SLOTS (8E10.4)

27

Figure 25. Emissions Model Input Sheet (3 of 4)
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TEMPERATURE OF INTERNAL COOLING SLOTS (8E10.4)

iI
FLOW RATE OF INTERNAL COOLING SLOTS (8E10.4)

291

SLOT HEIGHT OF INTERNAL COOLING SLOTS (1E10.4)

30 1 1 1 I 1 1 1

SLOT TO METERING AREA RATIO FOR INT SLOTS (8EI0.4)311 i . . . . '1. I!II _ II.

..... SKIP FOLLOWING CARD SET IF NUE - 0 "

X-LOC OF EXTERNAL COOLING SLOTS (E5-.0.4)

, LIP LENGTH OF EXTERNAL COOLING SLOTS (8E10.4)

U - VELOCITY OF EXTERNAL COOLING SLOTS (8E10.4)

341

VT - VELOCITY OF EXTERNAL COOLING SLOTS (8E0.4)

35[-

Fiqure 25. Emissions Model Input Sheet (4 of 4)
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TABLE 4. ADDITIONAL PROFILES FOR EMISSION MODEL.

Node 
mOx M2 0

19 0 0.232 0
18 0 0.232 017 0.0318 0.170 0.0243
16 0.0368 0.163 0.0272
15 0.0311 0.157 0.0291
14 0.0484 0.153 0.0304

13 0.0534 0.151 0.030912 0.0494 0.157 0.0282 I
11 0.0274 018006
10 0.0199 0.100 0.0123

9 0.0527 0.156 0.0282

80.0657 0.140 0.0339
7 0.0596 0.142 0.0338
6 0.0537 0.146 0.0333
5 0.0486 0.149 0.0325
4 0.0438 0.152 0.0314
3 0.0400 0.158 0.0293
2 0 0.232 0
1 0 0.232 0
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The output of the emission model is shown in Figures 26 and

27. The initial printout consists of some control parameters,

the value omega (the transformed cross-stream variable), and the

initial profiles. The printing of the variable arrays starts

with the value at the inner boundary and continues outward.

Since y is always referenced from the inner boundary, y(l) is

always zeroy therefore, the radius of the inner boundary is

printed instead. Figure 27 shows the profiles at the exit of the

combustor, XU a 0.073 meter. The profiles of NO show small

values (much less, however, than one would expect as the prin-

cipal area of NO formation) occur upstream of where the emission

model is started.

FUEL-INSERTION MODEL

The fuel-insertion model could have been used to predict the

droplet trajectories of the nozzle in the 3-D performance model

example case, Figure 281 however, since that program contains its

own spray model, a simple illustrative example was selected

instead. A two-dimensional grid 5.0 X 1.5 inches, with the spray

originating in the lower left-hand corner and processing a non-

uniform flow field, was analyzed.

Card 1. (Figure 28, Sheet 1) allows for case identification.

Card 2 specifies the atomizer type, in this case an airblast noz-

zle with a 10 flow no. and 90-deqree cone angle. The other fields

are left blank as they pertain to dual orifice and/or simolex

nozzles. Cards 3 and 4 are omitted as they are used to input the

6P versus fuel-flow curve for the secondaries of a dual-orifice

nozzle. Card 5 specifieb some dimensions of the airblast nozzle,
the filming diameter, and exit-flow area along with the airflow
rate and temperature. The fuel type, flow rate, and temperature

are given on Card 6, plus the flag to specify a nonuniform 2-D

field. Other quantities on Card 6 are required only for other
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TITLE 80

VFueL ,ko ,-4Rri,om MObLL,. EXAMPL ,

AIR
PRIM SEC. ASSIST

* ** FLOW FLOW CONE SHROUD PRIM SEC
ATOM AIR NO. NO. ANGLE EFF ORIFICE ORIFICE
TYPEASSIST(JP4) (JP4) DEG AREA DIA, DIA,

PPH/N-WI IN 2  IN IN
-- 6- 11 21 31 41 51 61 71 80

2 1 31 1/0,. .
*ATOMIZER TYPEs 00001 a SIMPLEX

00002 m DUAL OR?
00003 w AIR BLAST

**AIR ASSIST: 00001 a NO ASSIST
00002 a WITH ASSIST

*FOR ATOM TYPE w 00002 (DUAL ORIP) ONLY (LEAVE OUT FOR OTHERS)
INPUT SECONDARY FLOW SCHEDULE

W - SECONDARY FUEL FLOW, LB/HR

4PS " 4PSEC. ORIF + APFLOW DIVIDER VALVE' P/D

CRACK
POINT

FLOW
WS3  iiW 5 2 21WS 3  31WS 4 41wS5 51

3

CRACK
PRESSURE

1 1 .. 213 31 41 51'

S4
*FOR ATOM TYPE - 00003 (AIRELAST) ONLY (LEAVE OUT FOR OTHERS)
FILMING NOZZLE FLOW AIR

DIA AIRFLOW AMRZ, TEMP
IN. LB/SEC IN' R

1 1. 21 31
5 2l Inpu (1 o

Figure 28. Fuel Insertion Model Input (1 of 3) ,

I
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AIR AIR
* AIR FUEL FUEL FUEL ASSIST ASSIST
FUEL FLOW TEMP FLOW AP AP TEMP
TYPEOPTION OR LB/HR PSI PSI OR
1 - 6- 11. 21 31 41 51 61 71

6 2 121S*2o. (.0. 1
***FUELI 00002-JP5 ****AIR

TYPE 1 00004-JP4 FLOW 00001-UNIFORM GAS STREAM

OPTIONI 00002-2-D FIELD OPTION

TGAS ,R VGAS, GAS, XMAX, YMAX, UNIFORM STREAM

1 11 FPS 21PSIA 31 IN. 4 OR 51 OPTION
7 1.2. .2 Iq/7. .ISo

t t t t t
XNOZ C YNOZ C GAS XMAX 'MAX --- Z-D FIELD OPTION

IN. IN. PSIA IN. IN.

CARDS 8 THROUGH 13 SKIPPED IF AIR FLOW OPTION = 00001

IN a NO. OF X-DIR POINTS IN 2-D FIELD
IN JN (2(12, 8X)) JN - VO. OF Y- DIR POINTS

1 03 103 11 1

X VALUES (SE10.4) X - LOCATIONS OF GRID POINTS (FT)

Y VALUES (OF.10.4) Y LOCATIONS OF GRID POINrS (FT)

1o0 _0. .0.2S•.2 I. 1•2 I 1 1 1 1

READ ALONG + X LINES STARTING WITH

U VALUES (8EI0.4) SMALLEST Y VALUE (FT/SEC)

13. 17C. l100. 1

S7. Il, , . I i

Figure 28. Fuel Insertion Model Input (2 of 3)
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READ ALONG + X LINES STARTING WITH
V VALUES (8E10.4) SMALLEST Y VALUE (FT/SEC)

12 01 1.. 0 0. , i
0, 0. o.

4

READ ALONG + X LINES STARTING WITH
T VALUES (BE10.4) SMALLEST Y VALUE (DEG. R)

13 1o10o 1o/60 10o60

A

',- ,/ -- -_ --

110 ,, 1 06,0 11 or,...

Timw

Figure 28. Fuel Insertion Mode] Input (3 of 3)
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nozzle types. The values of Card 7 can have two meanings,
depending on the type of flow field. In this case, they give the

X and y location of the origin of the spray, the pressure, and

limits of the two-dimensional grid. Cards 8 through 13 are

required in this example, and it can be seen that only a 3 X 3
grid was used which requires 9 values of U, V, and temperature.

The program output is illustrated in Figures 29 and 30. The
first items printed are some of the input quantities, along with
the specific gravity and viscosity of the specified fuel. The
fuel AP and velocity are given next, along with the calculated
value of SMD. For each of the five droplets, the locations are
then given at the point that selected fractions of the fuel that f
had evaporated. In this case, droplets 1 and 2 evaporated within

the specified boundaries. Figure 30 shows the trajectory output

for each of the five droplets. The output consists of a pair ofS~~lines, the first giving the X and Y location of the droplet and

the second qiving the diameter, temperature, velocity, and frac-

tion evaporated. f *

i1
'i
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APPENDIX A
INPUT SHEETS

ANNULUS LOSS MODEL INPUT SHEET

TITLE MUST HAVE FOR EACH 78 C0

ANNULUS INLET FLOW CARD
NELNELI

1 345678 11 21 PT31 TTI 4 1 BETAI 5 1 DP/P 61 71
2- -

DOME INLET FLOW CARD (REQUIRED FOR INTERNAL LINER1 FLOW ONLY)
= N"!L W PT TT. BETA.I ,.- -- .

"12 678 llW 21 PT 31TT 4 1DETA 51 61 71
3 •D - -. I I I- - I - - I- - -- 1

CONSTANTS CARD

1 1 1 RIC2 1 BLK 3 1 TAN 4 1CDB 51K 6 1 R0 7 1IREAX

4L

I Title - Run ident appears on printed output and plot
I Some (or all) holes fixed, inlet flow fixed,

ITER iterate to gto pressure drop.
ZTE2 some (or all) holes fixed, pressure drop fixed

iterate to get inlet flow (input Wl is first guess).

I= 0 no plot
1PIC1 - I plot drawnV 0 output printed after converged uolotion
IDBUG 1 output printed after each iteration) Use only to de-

2 output printed after each element I bugg
non-convergence

2 3 NEL total number of element stations (card 2 only)
NELI . element ID no. (NELEM) at annulus or dome inlet 2 and

W1 and W a air flow at inlet stations, lb/sec
PT1 and PT = inlet total pressure, PSIA

T1r and TT - inlet total temperature, R
Betea, Beta - swirl angle at inlet
DP/P - total pressure drop, PSIA/PSIA (first guess if ITER 1 i)

card 2 only

4 - 0, smooth wall friction factor
FRIC j.-1, no wall friction

L•. roughness factor for rough walls
BLKF - annulus effective area factor (- .83 for fully developed

turbine flow
TANS - tangent of flow separation spread angle (.1 recommended)
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CDB - drag coefficient ot struts across annulus (1-1.2 RECM)
SK = ratio of air specific heats,
RG - air gas constant

1. 0. for reverse flow annular or can combustors
IRJEAX. 1. for axial flow annular. First data set is for OD

panel. Program expects a second set for ID panel

CASE TERMINATION

After last card of case:

o In Column 1, Column 2 blank -,came repeated with changes,
next card is title card followed by cards with changes
from previous run.

oo in Columns I and 2, next card is EOF to quit or new title
card followed by all cards for complete new cake.
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POJRM 117 INPUT DArA SIMET

INPUT FOR1,kT :'O•t M.EM,..T 'AHD; - l

ALL NUMSEPS MLb3r I•AV:

. .J, ... 2 *j~~dL I'Jr• -r _ •{L _ L ' . ...
11 ) 0 h ft0 1______RV XLCt T LIMIR B'LK I DK

LI1 0 02- JX X1. HI CL T LINER aLKI uD3KI
L C 0 a 1 IW __ R X11 RI. .L T_ RatISE

r o o 0 5 wII N HOL NNTP CD U "OLEO I SEP ".
L " Fl 0 1 o w , WL I.. S .. ! :IP -

1020 WlINJ/w IV r At4• A9I'?A -- , LM I SIP-i

Flow passage is divided Into lenqth iL) and flow (F) elements, element tsurbers, NESL4.
can be in ,irbitra'•y order. I.e., L0, 1. 3, 4. 16, 30. The cards are staoked in order
from inlet to last P bleaug. numbers are arbitrary, o now element can be inserted without
eenumbering other cards.

L. LIM ELANNHS All Dimensions in Inches
First LI oard is Annulus inlet (L - 0) - roe both external and internal cases. ýI1110 LM

Internal and external flow cases must be run
soepratuly It0.PR.5.sNTw

For internal cases, .'nd card Is dome inlet .I1 alnd 61It &CAML

LC airds are used with T RISE *, AT due to combustion
in this elelmeint (no L. cards)

roe external ¢ tees use only L Cards

)9.. XP X COORD to end of element L .' Liner \ *
RL, RI Radius tO -nd of element P - Plenum
(rot intesltl flow V, RP -, OD. XL, RL 10)

CL - Lenqth of element toptional)
TLIH -Mean wall tamp. over CL, 'ft

it - 0 than TLIN - TTI coeOMI00101I0
.lKt Front .1 Aitva+,.&C2(.•S~l A,, ,W•ZILL ILIUMA^n,,ulus, AVi -L" _N,

DOMu Width of strut-

F Cards are in-ertoed butwoen L cards it points where flow is uxtracted. Plow conditions
into F clam. Are those from Upstream L clm.

Typeni FF .- ixed Flow Ratio, W/WI
YD ', Frixed Ort. DiAm. (w.,WI in First Juesls

A re , fleed flow (not Included in liur flow)
('I. * internal flow slam. (input to these elements tI obtained from an external

flow solution)

WWI - Orifice rlow/Tnlet Plow
•NM0l18 *o No. of orifloe

M *P - Hole "ypa (For C.I
1. PluIZ Hole, Thin Wall
2. Plun ad Hlot* FPt.
.. Coolinq skirt so $J #lI L4 PP -
4. Plush Hole,, Thick Wall.
S. CD Inputj I..f I iL 6. _ _ctangul_ HoCD - DISCN Coeftficent (NHlTYP a 5 Only) "]'"" I

SDROLIS Hole Dian. (For To on~ly)

I SEP 1, Separation is Reattached
" VJXIT -Jet injection Velocitey, FPO

A MWK - J t in j)e ction An qIe Oe6SANITA - ,wltI Angle In Annu'lu| sO'utshe rt slalm.
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3D COMBUSTOR PERFORMANCE MODEL

22 VARIABLE TITLE CARDS (4A10) SAME ORDER AS IMPRINT

CASE TITLE CARD (SALO)

2

LP,], MPI LPI. IPLAX MODEL MODER IPAR ITRAD

3

IU MODEN INTAPE IDW IRES

4-

ISOLVE (8(12, BX))

U V W pf KE 6 HFU

MO FX FZ

ICTDMA (W1(2, SX)W)
U V W P ' KE 0 MFU

6

MCO

IMPRINT (8(12, 8X))

U V W PRESS KE f.m 0 M FU

7

I
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'lEPF'a v F x iy ). mC('( M120

M02 MC02 MN2 IiEF' DE!NSITY CVAP

RELAXATION PARAMETERS (B8E10.4)

tU W wp KE MF'U

MCO F' I~y FZ PRESS DENSITY VISCOS

LAMINAR, PRANDT~L NUMBERS (8E10.4)

U V WPf KE IDMFU

MCO

X-COORDINATES (J.-LPI) (8r,10.4)
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12 RI Y-COORDINATES (2-MPI) (8EI01.4)

12I

Z-COORDINATES (1-NPl) (8E10.4)

13

14

IWLI VALUES (B(12,BX)) (SKIP 15 AND 16 IF' IWFhI 2

1 4',



JWLO VALUES (8C(12, 8X)) ___ __________

*PRESS DENT ABSOR SCATR AKFAC ALFAC (SEI.O.4)
17

CX HY HFU FUMCO (BE1.0.4)

PREXP). ARCONI3 CR). PREXP2 ARCON2 CR2 (BE10.4)

(BE 10.*4)

20 C2 CD AMU ERROR TCYLW TINLW TLiIP

(2(13, 7X), b(12, 8X)

LASTEP IJUMP JSWI. JSW2 NflINJ NVINJ

USW VSW SWNO AFSW FSW TSW (BE10.4)
22

NFNZ 1SPRAY TFUEL

23I

Xo YO 70 ALF~A BETA DELTA THETA 3. THETA 2I
'. 24

RSP WF SMO VFUEL (SK~IP 24 IF INFNZ 00)

.1.46



(SKIP CARDS 25 - 30 IF N1INJ 00)

I - LOCATION OF COOLING SLOTS (8(12, 8X))

25 r

J -LOCATION OF COOLING SLOTS (8(12C BX))
26

AXIAL SLOT VELOCITY (BE10.4)

27

TANG. SLOT VELOCITY (8E1o.4)
28

SLOT FLOW RATE (8E10.4)

29

SLOT TEMPERATURE (8E10.4)
30

(SKIP CARDS 31. 38 IF NVINJ 00)

I - LOCATION OF RADIAL INJECTIO'I (8(12.8X))
31 !I!II!!;

J - LOCATION OF RADIAL INJECTION (8(12, 8X))

32

K - LOCATION OF RADIAL INJECTION (8 (12, 8X))

33

INJECTION VELOCITY (8EI0.4)

34

147



I NJE~CTION TURB3ULENT KI NETIC IENLRGY (8hz' 10 .4)

35 [ 7i I I i liIh ]

INJECTION.TURBULENT LENGTH SCALE (BE10.4)
36

INJECTION FLOW RATE (BE10.4)

37 3-, [I I-1 .. . 1 !

INJECTION TEMPERATURE (8E30.4)

I,

38

148
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I r7
3D COMBUSTOR PERFORMANCE MODEL

INPUT SHEET DESCRIPTION

Card Set Description

1 Each card is a heading for a particular three-
dimensional array thit is printed out. These never
change.

2 Case title card

3 LPI - Number of grid nodes in axial (x) dir.
MPI - Number of grid nodes in radial (y) dir.
NPI -. Number of grid nodes in tang. (z) dir.
IPLAX - 01 For plane geometry

- 02 For axisymmetric geometry
MODEL - 01 For laminar viscosity

- 02 For K-E viscosity model
MODER - 01 For kinetic controlled combustion

- 02 For kinetic and turbulence controlled
combustion

IPAR - 01 For absolute pressure
- 02 For relative pressure

ITRAD - 01 No radiation
- 02 With radiation

IU - 01 Input units are international system
(i.e., meters, kilograms, degrees kelvin,
newtons, joules, radians, seconds or com-
binations thereof)

- 02 User selected input units
MODEN - 01 Density is fixed at the value of "Den"

on Card 17
- 02 Density calculated front perfect gas law

INTAPE - 00 Initial conditions not printed
- 08 Initial conditions printed

IDW - 00 Inner boundary is axis of symmetry
- 01 Inner boundary is wail

IRES - 00 This is a new case
- 01 This is a restart of previous case

5 An 01 in proper field indicates that .this particular
variable will be solved fory an 00 indicates that
it will not be.

6 Indicates the number of "sweeps" made in the solve
routine for each variable.
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7 An 01 indicates that this variable will be printed,

an 00 indicates that it will not be.

8 Relaxation parameters for each variable.

9 Laminar Prandtl numbers for each variable.

10 Turbulent Prandtl numbers for each variable.

11 X-coordinates (LPI values)

12 RI -Radius of inner boundary

Y-coordinates as measured from inner
boundary (MP1-l) values. Since Y(1) is
a 00, RI is read in its place.

13 z - coordinates (NPI values)

14 IWEI - I-node at which inclined wall ends
JWIO - 3-node at which inclined wall starts

is IWLI - Starting I-nodes of the calculation domain
when inclined wall is present

16 JWLO - Ending 3-nodes of the calculation domain
when inclined wall is present

17 PRESS - System pressure
DEN - The value of density if option MODEN = 01

is selected
ARSOR - Absorption coefficient in radiation model
SCATR - Scattering coefficient in radiation model
AKFAC - Internally defined turbulent kinetic

energies are AKFAC times the appropriate
velocity squared

ALFAC - Internally defined turbulent lenqth scales
are ALFAC times the appropriate distance

18 CX - Carbon atoms in fuel molecule
HY - Hydrogen atoms in fuel molecule
HFU - Heat of formation of fuel
FUMCO - Initial value assigned to M

.19 PREXPI - Preexponent of Ist reaction
ARCONI - Activation energy divided by gas constant

of Ist reaction (E/R)
CR1 - Constant in turbulence controlled reaction

rate for Ist reaction
PREXP2 - Preexponent of 2nd reaction
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ARCON2 - Activation energy divided by gas constant
of 2nd reaction (E/R)

CR2 - Constant in turbulence controlled reaction
rate for 2nd reaction

20 C1 - Turbulence model constant
C2 - Turbulence model constant
CD - Turbulence model constant
AMU - The value of the viscosity if option model

- 01 is specified. Also the laminar
viscosity used in the "wall functions"

ERROR - Program will terminate if total error in
mass becomes less than this value

TCYLW - Temperature of cylindrical portion of
combustor wall

TINLW - Temperature of inclined wall portion of
combustor and of dome.

TLIP - Temperature of cooling slot lip.

21 LASTEP - Maximum number of iterations
IJUMP - Number of iterations between array

printout
JSWI - J-node at start of dome inletSJSW2 - J-node at end of dome inlet

.. ,•NUINJ - Number of axial intjection points (cooling

slots)
NUINJ - Number of radial injection points

22 USW - Axial velocity of dome inlet
VSW - Radial velocity of dome inlet
SWNO - Ratio of tangential to axial velocity at

dome inlet
AFSW - Flow rate of fuel and air through dome inlet
FSW - Flow rate of fuel through dome inlet
TSW - Temperature at dome inlet

23 NFNZ - 00 No liquid fuel nozzle

- 01 Liquid fuel nozzle present
ISPRAY - Droplet evaporation routine is called

every ISPRAY iterations
TFUEL - Initial temperature of liquid fuel

24 XO - X-location of origin of fuel nozzle spray
YO - Y-location of origin of fuel nozzle spray
ZO - Z-location of origin of fuel nozzle spray
ALFA - Nozzle cone angle
BETA - Nozzle back angle
DELTA - Nozzle down angle
TliETAI - Initial spray cone segment angle
THETA2 - Final spray cone segment angle

.1 51..



JRSP -Number of spray cone rays
WF Fuel flow rateSMD - Sauter mean diameter1'

VFUEL Initial fuel droplet velocity

25 1 node location of cooling slots •

26 J node location of cooling slots

27 Cooling slot axial velocity

28 Cooling slot tangential velocity .

29 Cooling slot mass flow rate

30 Cooling slot temperature

31 I node location of radial injection

32 J node location of radial injection

33 K node location of radial injection

34 Radial injection velocity

35 Radial injection turbulent kinetic energy

36 Radial injection turbulence length scale

37 Radial injection mass flow rate

38 Radial Injection temperature

I
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LINER COOLING MODEL INPUT SIllIET

1 .CASE TITLE (12A6)

CASE TITLE (12A6)

(8 (12, BX) r

N KRAD MA1SSTR I SWRL MODEL INERT IFLUX I'TEMP

2

NSTAT NPROF NPLOT I TEST LASTEP (5 (I .5X)
3

XU XULAST FRA XEND XOuLr PRE'SS POWER (8E10.4)

4 i

N13P (12)
5

(81', 10.4)

x•~ ~ Rz •• x 2 •2 x3 l3RF'I... I I 1 X RI

RE x RII RE.4  Xr R11 RE. (81'10. 4)

4 4)

RA RB RD (81-:1o.4)

7

''3 1 1I



NAME LIST

8 ýINPUT

UA UD (8E10.4)

9

F2A F2D TA TD Twall (8E10.4)

10 'A

NIN (12)

Y VALUES (8o10.4)

12

U VALUES (8E10.4)

131

,(8210.4)
141_

I~'TEMPERATURE VALUES (8510.4)
15[

MFU VALUES (SE10.4)161 1

PHI VALUES (8210.4)

171 1 11 1
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MCD VALJUES (B,101.O4)

TURB3ULENT KINE~TIC XNERGY (EO4
19

'rURBULENCE L 'ENGH SCALE (8 .. 1.o,4)

i VELA I VELA0 TVA NI TAN 0 PR I PR0 181,:10. 4)

21 1 V

(12, 8X, 7U10.4)

WNk'tfl x 0 Y UP vi SMI) WI.,

22

1 5,,
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LINER COOLING MODEL
INPUT SHEET DESCRTPTION

Card Set Description

1 Case title cards

2 N - Number of cross stream intervals
KRAD - 00 For plane geometry

01 For axisymmetric geometry
MASSTR - 00 Species equations not solved

01 Species equations solved
ISWRL - 00 Always
MODEL - 01 Laminar viscosity

02 Two-equation K-E viscosity model
INERT - 01 Species are inert

02 Species will react
IFLUX - 00 Wall adiabatic

01 Wall temperature calculated
ITEMP - 00 Isothermal01 Enthalpy solved

3 NSTAT - Number of steps between printout of output
variables

NPROF - Number of steps between printout of output
variables and profiles

NPLOT - Number of steps between line-printer
plots

ITEST - 00 No extra printout
01 Extra printout

LASTEP - Maximum number of marching steps

4 XU - Initial X-location
XULAST - Final X-location
FRA - Fraction of grid heiqht to be used as

step size
XEND - X-location of end of inner wall
XOUT - X-location of end of outer wall

PRESS - Pressure
POWER - Control for node spacing

5 NBP - Number of boundary pairs

6 Xi - X-Location at which boundary is
specified

RI1  - Inner boundary radius
RE1  - Outer boundary radius

7 RA - Radius of axis of :iymmetry
RB - Inner boundary radius at initial

X-location
RD - Outer boundary radius at initial X-location
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8 Namelist, see page 158 for variables

9 UA - Axial velocity at "free" inner boundary
UD - Axial velocity at "free" outer boundary

10 F2A - Fuel mass fraction at "free" inner boundary
F2D - Fuel mass fraction at "free" outer boundary
TA - Temperature at "free" inner boundary
TD - Temperature at "free" outer boundary
TWALL - Wall temperature

11 NIN - Number of points on input initial profile

12 Y-values of input initial profile (NIH values)I
13 U-values of input initial profile

14 Blank card(s)

15 Temperature values of input initial profile

16 MFU values of input initial profile

17 Total fuel values of input initial profile

18 Mo values of input initial profile

19 KE values of input initial profile
(Read only if KREAD = 1)

20 Im Values of input initial profile
(Read only if KREAD a 1)

21 VELA1  - Inner annulus velocity
VELA 0  - Outer annulus velocity
TAN I - Inner annulus temperature
TAN 0  - Outer annulus temperature
PR I - Radius of inner plenum
PR 0  - Radius of outer plenum

22 NFNZ - 00 No fuel nozzle

01 Fuel nozzle present
XDP - X-location of fuel nozzle
YDP - Y-location of fuel nozzle
UF - Axial velocity of fuel droplets
VF - Radial velocity of fuel droplets
SMD - Sauter mean diampter
WF - Fuel mass flow rate
TFUEL - Fuel temperature
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LINER COOLING MODEL

NAMELIST INPUT

VBL Value Description

IUTRAP 2 Test for negative U's, see STRIDE(2)
ULIM 0.05 Entrainment control
PEILIM 0.01 Max. fractional mass flow change per

step
AFAC 0.2 Relaxation on duct area deviation
AEXDLM 0.02 Max. duct area fractional deviation per

step
NOVEL 2 01-U not solved for, 02-solve for U
ARCONI 28500 Activation energy divided by gas constant

for fuel reaction
PREXPI 5E + 15 Preexponent for fuel reaction
CR1 6.0 Eddy breakup constant for fuel reaction
ARCON2 12500 Activation energy divided by gas constant

for CO reaction
PREXP2 6E + 8 Preexponent for CO reaction
CR2 4.0 Eddy breakup constant for CO reaction
CP 1048 Specific heat
IPDDX 1 01 - Std qenmix pressure grad. calculation

02 - "Grid filling duct" version
C1 1.42 Turb. Constant
C2 1.92 Turb. Constant
CD 0.09 Turb. ConstantC2VT 0.36 Turb. Constant
AKFAC 0.03 Factor for internally qeneratid kinetic

energy profiles, KE a AKFAC*Uk

ALFAC 0.02 Factor for internally qenerated lenqth
scale profiles, im a ALFAC*AY

PREF -- Turbulent Prandtl numbers
CX 1.0 Molecular carbon value of fuel
HY 4.0 Molecular hydroqen value of fuel
HFU -49317 Heat of formation of fuel
MODER 2 1 - Kinetic only, 02 - Kinetic + Diffusion
ITHIN 1 Thins output profiles by printing every

ITHIN value
KREAD 0 0 - K & E profiles qenerated internally

1 - K & Im read in
URAT 0.83 Cooling slot velocity shape factor
ABSOR 0.1 Absorption coefficient in radiation model

EMISW 0.8 Emissivity of liner wall.
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TRANSITION MIXING MODEL INPUT SHEET

CASE TITLE CARD (12A6)

CASE TITLE CARD (12A6)

(8(12, 8X))
N KRAD MASSTR ISWRL MODEL INERT IFLUX ITEMP

2IL iiiii i.

NSTAT NPROF NPLOT ITEST LASTEP (5(15. 5X))

(8E10.4)

ZUI ZUE ZULAST FRA ZEND ZOUT PRESS POWER

4

NBP ICURV NRCVI NRCVE (8 (12, eX))

(BE1O.4)
RII XI1 RI 2  XI 2  RI 3  XI 3  RI4 XI.

2 2 3R3 4  X 4 .

6l

(8E10.4)

.RE1 XEI RE2  XE2  RE3 XE3  RE4  XE 4..

(8E10.4)

z 1 RCVII Z12  RCVI 2 zi l RCVI 3 Zi 4  RCVI 4 " s 0

7
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(8E10.4)

ZE 1  RCVE 1  ZE 2  RCVE 2  ZE RCVE 3  ZE 4  RCVI".:
1 2. 2 3 3 4 4

RA RB RD (8E10.4)

NAMELIST9 i$I , l , iI

UA UD (8E10.4)

10

F2A F2D TA TD Twall (8E10.4)

]NIN (12)
12

Y VALUES I (E10.4)

U VALUES (8E10.4)

14 T 77

15

TEMPERATURE VALUES (8E10.4)
16 _ i
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1.7

•.? i ! 1 I '

19

TURBULENT KINETIC ENERGY (8E10.4)

20

TURBULENCE LENGTH SCALE (8E10.4)

.21

161
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TRANSITION MIXING MODEL
INPUT SHEET DESCRIPTION

Card Set Description

Case title cards

2 N - Number of cross stream intervals
KRAD - 00 For plane qeometry

0]. For axisymmetric geometry
MASSTR - 00 AlwaysISWRL - 00 Always
MODEL - 01 Laminar viscosity

02 Two-equation K-E viscosity model
INERT - 01 Always
IFLUX - 00 Walls are adiabatic

01 Wall temperature is specified
ITEMP - 00 Isothermal

01 Enthalpy solved
..TAT - Number of steps between printout of output

variables
NPROF - Number of steps between printout of output

variables and profiles
NPLOT - Number of steps betweAn line-printer

plots
ITEST - 00 No extra printout

01 Extra printout
LASTEP - Maximum number of marchinq steps

4 ZUI - Initial Z-location on inner boundary
ZUE - Initial Z-location on outer boundary
ZULAST - Final Z location
FRA - Fraction of qrid height to be used as

step size
ZEND - Z-location of end of inner wall
ZOUT - Z-location of end of outer wall
PRESS - Pressure
POWER - Control for node spacing

5 NBP - Number of boundary pairs
ICURV - 00 No radius of curvature effects

01 Radius of curvature effects
NRCVI - Number of radius of curvature points

specified on inner boundary
NRCVE - Number of radius of curvature points

specified on outer boundary

6 RIi - Inner boundary radius
X1i - Inner boundary X-location
RE - Outer boundary radius
XE1  - Outer boundary X-location
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7 Z1 - Z-location on inner boundary at which
radius of curvature is specified

RCVI - Radius of curvature of inner boundary
ZE - Z-location on outer boundary at which

radius of curvature is specified
RCVEi - Radius of curvature of outer boundary

8 RA - Radius of axis of symmetry
RB - Inner boundary radius at initial Z-location
RD - Outer boundary radius at initial Z-location

9 Namellst, see page 164 for variables

10 UA - Axial velocity at "free" inner boundary
UD - Axial velocity at "free" outer boundary

11 P2A - Fuel mass fraction at "free" inner boundary
F2D - Fuel mass fraction at "free" outer boundary
TA - Temperature at "free" inner boundary
TD - Temperature at "free" outer boundary
TWALL - Wall temperature

12 NIN - Number of points on input initial profile

13 Y values of input initial profile (NIN values)

14 U values of input initial profile

15 Blank card(s)

16 Temperatire values of input initial profile
17 Blank card(s)

18 Blank card(s)

19 Blank card(s)

20 I'E values of input initial profile
(Read only if KREAD - 1)

21 Im values of input initial profile
(Read only if KREAD = 1)

I...
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TRANSITION MIXING MODEL
NAMELIST INPUT

VBL Value Description

IUTRAP 2 Test for negative U's, see STRIDE(2)
ULIM 0.05 Entrainment control
PEILIM 0.01 Max. fractional mass flow change per

step
AFAC 0.2 Relaxation on duct area deviation
AEXDLM 0.02 Max. duct area fractional deviation perstep
NOVEL 201 - U not solved for, 02 - solve for

U
ARCONI 28500 Activation energy divided by gas constant

for fuel reaction
PREXP1 5E + 15 Preexponent for fuel reactionCRI 6.0 Eddy break-up constant for fuel reaction
ARCON2 12500 Activation energy divided by gas constant

for CO reactionPREXP2 SE + 8 I'reexponent for CO reaction

CR2 6.0 Eddy break-up constant for CO reaction
CP 1255 Specific heat
IDPDX 01 01. Std qenmix pressure grad. calculation

02 - "grid filling duct" version
Cl 1.42 Turb. Constant 1C2 1.92 Turb. Constant
CD 0.09 Turb. Constant
C2VT 0.36 Turb. ConstantAKFAC 0.03 Factor for internally generated turb.

kinetic energy profiles, KE * AKFAC*U
ALFAC 0.02 Factor for internally generated length

scale profiles, Im w AFAC*AY
PREF -- Turbulent Prundtl numbers
CX 1.0 Molecular carbon value of fuel
HY 4.0 Molecular hydrogen value of fuel
HFU 4E + 7 Heat of combustion of fuel
MODER 2 01 - Kinetic only, 02 - Kinetic + Diffusion
ITHIN .1 Thins output profiles by printing every

ITHIN value
KREAD 0 00 - KE & Im profiles generated internally

01 - KE & Im read in

J
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EMISSIONS MODEL. INPUT SHEET

CASE TITLE CARD (12A6)
SiiII ii I i

CASE TITLE CARD (12A6)

(8(12, 8X))
N KRAD MASSTR ISWRL MODEL INERT IFLUX ITEMP

2

NSTAT NPROI? NPLOT ITEST LASrEP

3

XU XULAST FA XEND XOUT PRESS POWER (BElo.4

NBP (12)

x RI1 RE x2 RI 2  RE 2  X3  RI 3S'l ' 1 i. 2

•iRE 3 x4 RI 4 RE 4 x 5 RI 5 RE ... (BE10.4)

I7
RA RB RD (8EL0.4)

7
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NAMELIST

8 INPUTI I I E1

UA UD VTA VTD (8E10.4)

9 I I

F2A F2D TA TD Twall (8E10.4)

310

NIN NUI NIUE NVI NVE (5 (12, BX) )

Y VALUES (8E10.4)

12

U VALUES (8EI0.4)

VO VALUES (8EI0.4)

14

TEMPERATURE VALUES (8E10.4)11
MFU VALUES (8EI0.4)

MCO 2 VALUES (8EI0.4)

17 7
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1 MCO VALUES (E10.4)

MOX VALUES (SE10.4)

19

MH20 VALUES (8EI0.4)
2O

MH2 VALUES (8EI0.4)

21.

TURBULENT KINETIC ENERGY (8E10.4)

22

TURBULENCE LENGTH SCALE (8E10.4)
23 I

SKIP FOLLOWING CARD SET IF NUI 0 0

X - LOC. OF INTERNAL COOLING SLOTS (8E10.4)

24 .4

LIP LENGTH OF INTERNAL COOLING SLOTS (8E10.4)

25

26 VELOCITY OF INTERNAL COOLING SLOTS (SE10.4)

VT - VELOCITY OF INTERNAL COOLING SLOTS (8E10.4)

27

167



TEMPERATURE OF INTERNAL COOLING SLOTS (8E10.4)

FLOW RATE OF INTERNAL COOLING SLOTS (8E10.4)

29

SLOT HEIGHT OF INTERNAL COOLING SLOTS (8E10.4)

30 1 1

SLOT TO METERING AREA RATIO FOR INT SLOTS (BE.10.4)

i q

SKIP FOLLOWING CARD SET IF NUE = 0

X-LOC OF EXTERNAL COOLING SLOTS (BE10.4)

321

LIP LENGTH OF EXTERNAL COOLING SLOTS (BE10.4)3I... ' _ ' I I 1 ... I •J .

U - VELOCITY OF EXTERNAL COOLING SLO¶Q5 (BE10.4)
34 1 I ' i I I i

V - VELOCITY OF EXTERNAL COOLING SLOTS (8E10.4)
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LI

TEMPERATURE OF EXTERNAL COOLING SLOTS ýE04
-36

FLOW RATE OF EXTERNAL COOLING SLOTS (8EI0.41

37i.

SLOT HEIGHr OF EXTERNAL COOLING SLOTS (8EIo.4)

38 .I I 3 I8

SLOT TO METERING AREA RATIO FOR EXT SLOTS (8E10.4)

391 1

, , SKIP FOLLOWING CARD SE'.,- IF NVI 0

X - LOC OF IuvERNAL RADIAL INJECTION (8E10.4)

I. U - VELOCITY OF INTERNAL RADIAL INJECTION (BE10.4)

,, E , "'

V - VELOCITY OF INTERNAL RADIAL INJECTION (8E10.4)
42L I I

VT - VELOCITi OF INTERNAL RADIAL INJECTION (8E10.4)

S43r 7
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TEMPERATURE OF INTERNAL RADIAL INJECTION (8E10.4)

441 *

FLOW RATE OF INTERNAL RADIAL INJECTION (8E10.4)

45

it,... SKIP FOLLOWING CARD SET IF NVE - 0

X - LOC. OF EXTERNAL RADIAL INJECTION (SE10.4)

46 1 1 . 1

U - VELOCITY OF EXTERNAL RADIAL INJECTION (8E10.4)

,-471

V - VELOCITY OF EXTERNAL RADIAL INJECTION (8E10.4)481 I,

VT -VELOCITY OF EXTERNAL RADIAL INJECTION (SE10.4)
491

TEMPERATURE OF EXTERNAL RADIAL INJECTION (BE10.4)
501

FLOW RATE OF EXTERNAL RADIAL INJECTION (8E10.4)

* 1701
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EMISSIONS MODEL

INPUT SHEET DESCRIPTION

Card Set Descriptionp Case title cards

2 N - Number of cross stream intervals
KRAD - 00 For plane geometry

01 For axisymmetric geometry
MASSTR - 00 Species equations not solved

01 Species equations solved
ISWRL - 00 Swirl velocity not solved

01 Swirl velocity solved
MODEL - 01 Laminar viscosity

02 Two-equation, K-E, viscosity model
INERT - 01 Species are inert

02 Species will react
IFLUX - 00 Wall adiabatic

01 Wall temperature specified
ITEMP - 00 Isothermal

01 Enthalpy solved

3 NSTAT - Number of steps between printout of output
variables

NPROF - Number of steps between printout of output
variables and profiles

NPLOT - Number of steps between line printer
plots

ITEST - 00 No extra printout
01 Extra printout

LASTEP - Maximum number of marching steps

4 XU - Initial X location
XULAST - Final X location
FRA - Fraction of grid height to be used as

step size
XEND - X location of end of inner wall
XOUT - X location of end of outer wall
PRESS - Pressure
POWER - Control for node spacing

5 NBP - Number of boundary pairs

6 X - X location at which boundary is specified
R1 - Inner boundary radius
REi - Outer boundary radius

7 RA - Radius of axis of symmetry
RB - Inner boundary radius at initial X-location
RD - Outer boundary radius at initial X-location
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8 Namelist, see page 174 for variables

9 UA - Axial velocity at "free" inner boundary
UD - Axial velocity at "free" outer boundary
VTA - Tang. velocity at "free" inner boundary
VTD - Tang. velocity at "free" outer boundary

10 F2A - Fuel mass fraction at "free" inner boundary
F2D - Fuel mass fraction at "free" outer boundary
TA - Temperature at "free" inner boundary
TD - Temperature at "free" outer boundary
TWALL - Wall temperature

11 NIN - Number of points on the input initial
profile

NUI - Number of cooling slots on inner boundary
NUE - Number of cooling slots on outer boundary
NVI - Number of radial injection points on

inner boundary
NVE - Number of radial injection points on

outer boundary

12 Y values of input initial profile (NIN values)

13 U values of input initial profile

14 V9 values of input initial profile

15 Temperature values of input initial profile

16 MFU values of input initial profile

17 MC02 values of input initial profile
18 Mco values of input initial profile

19 MOx values of input initial profile

20 MH20 values of input initial profile

21 MR2 values of input initial profile

22 KE values of input initial profile
(Read only if KREAD a 1)

23 Im values of input initial profile

(Read only if KREAD m 1)

24 to 31 Information pertaining to cooling slots on inner
boundary
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32 to 39 Information pertaining to cooling slots, on outer
boundary

40 to 45 Information pertaining to radial injections on
inner boundary

46 to 51 Information pertaining to radial injections on
outer boundary

17

I
I

ii
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EMISSIONS MODEL

NAMELIST INPUT

VBL Value Description

IUTRAP 2 Test for negative U's, see STRIDE(2)
ULIM 0.05 Entrainment control
PEILIM 0.01 Max. fractional mass flow change per

step
AFAC 0.2 Relaxation on duct area deviation
AEXDLM 0.02 Max. duct area fractional deviation perstepNOVEL 2 01 - U not solved for, 02 - Solve for

U
ARCONI 28500 Activation energy for fuel reaction
PREXPI 5E + 15 Preexponent for fuel reaction
CR1 6.0 Eddy breakup constant for fuel reaction
CP 1048 Specific heat
IPDDX 1 01 - Std genmix pressure grad. calculation

02 - "grid filling duct" version
Cl 1.42 Turb. Constant
C2 1.92 Turb. Constant
CD 0.09 Turb. Constant
C2VT 0.36 Turb. Constant
AKFAC 0.03 Factor for internally generated kinetic

energy profiles, KE - AKFAC*U
SALFAC 0.02 Factor for internally qenerated length

scale profiles, Im a ALFAC*AY
PREF -- Turbulent Prandtl numbers
CX 1.0 Molecular carbon value of fuel
HY 4.0 Molecular hydrogen value of fuel
HFU -49317 Heat of formation of fuel
MODER 2 1 - Kinetic only, 02 - Kinetic + Diffusion
ITHIN 1 Thine output profiles by printing every

ITHIN value
KREAD 0 0 - K & E profiles generated internally

1 - K & Im read in
URAT 0.83 Cooling slot velocity shape factor
TERM1 0.1 Control on specie equation step size
TERM2 l.E-4 Control on specie equation step size
IBMAX 500 Maximum specie equation steps
EFU 1.0 Power on fuel in fuel reaction rate

O 0.5 Power on 02 in fuel reaction rate
H2 0 0.5 Power on H2 0 in fuel reaction rate

ERO 2.0 Power on density in fuel reaction rate
ZPR 0.0 Power on pressure in fuel reaction rate
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FUEL INSERTION MODEL INPUT

1 TITLE 80

AIR
PRIM SEC. ASSIST

* ** FLOW FLOW CONE SHROUD PRIM SEC

ATOM AIR NO. NO. ANGLE EFF ORIFICE-ORIFICE
TYPE NSSIST(JP4) (JP4) DEG AREA DIA, DIA,

P PH/N,•F'T IN2 IN IN
1-.6--11 21 31 41 51 61 71 80

2

*ATOMIZER TYPE: 00001 m SIMPLEX
00002 - DUAL ORF
00003 " AIR BLAST

"**AIR ASSIST: 00001 a NO ASSIST
00002 a WITH ASSIST

*FOR ATOM TYPE - 00002 (DUAL ORIF) ONLY (LEAVE OUT FOR OTHERS)
INPUT SECONDARY FLOW SCHEDULE

WS a SECONDARY FUEL FLOW, LB/HR

Sm 'SEC. ORIF + APFLOW DIVIDER VALVE' P/D

CRACK
POINT

FLOW
I WS' IIWS2 1WS3 31WS4 41WS5 1

CRACK
PRESSURE

1 1I12 2 1 A 31I 41.. 51.

4

*FOR ATOM TYPE - 00003 (AIRBLAST) ONLY (LEAVE OUT FOR OTHERS)

FILMING NOZZLE FLOW AIR
DIA AIRFLOW A R TEMP
IN. LB/SEC IN 3 RS1 11 21 31
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****AIR AIR
, AIR FUEL FUEL FUEL ASSIST ASSIST

FUEL FLOW TEMP FLOW Pp Ap TEMP
TYPEOPTION LB/HR PSI PSI
I - 6 11 21 31 41 51 61 71

6 FUEL. LOWTEM FUEL FUELAIR A

TYPFUEL; 0.0000JP FLOW. , 0.00001-UNIFORM GAS STREAM

OPTION 0.00002-2-D FIELD OPTION

TGAS,OR VGAS, pGAS, XMAX, YMAX, O-- UNIFORM STREAM

1.1 FPS 21PSIA 31. IN. 4 OR .1 OPTION

t t t t t
XNOZ C YNOZ PGAS XMAX YMAX Z-D FIELD OPTION

IN. IN. PSIA IN. IN.

CARDS 8 THROUGH 13 SKIPPED IF AIR FLOW OPTION - 00001

IN - NO. OF X-DIR POINTS IN 2-D FIELI
IN JN (2(12, 8X)) JN - NO. OF Y- DIR POINTS

X VALUES (8E10.4) X - LOCATIONS OF GRID POINTS (FT)
s l iI iI I

Y VALUES (BEIO.4) Y - LOCATIONS OF GRID POINTS (FT)
lo1

READ ALONG + X LINES STARTING WITH
U VALUES (BE10.4) SMALLEST Y VALUE (FT/SEC)
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READ ALONG + X LINES STARTING WITH
V VALUES (8E10.4) SMALLEST Y VALUE (FT/SEC)

12 T~I ~'

READ ALONG + X LINES STARTING WITH
T VALUES (8E10.4) SMA.LLEST Y VALUE (DEG. R)

13

i- / -- "-'Yma

- --- --
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APPENDIX B

LISTIM OF ANNULUS LOSS 14ODEL
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APPENDIX C

LISTING OF 3-D COMBUSTOR PERFORMANCE MODEL
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APPENDIX E

LISTING OF TRANSITION MIXING MODEL
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